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Abstract
The primary aim of this research was to optimise the design of magnetorheological
elastomers (MREs), composite materials consisting of magnetic particles in an
elastomer matrix. In doing so, the understanding of their dynamic behaviour when
subjected to stress would be furthered. Plenty of uses have been suggested for these
materials which adapt to their environments and can be tuned to suit operating
conditions, but very few of these have actually been realised. Characterising their
dynamic behaviour is crucial if they are to gain wider use in commercial
applications.
The first objective of the research was to investigate the factors affecting the
magnetorheological (MR) performance of MREs and to optimise this performance.
The objective was achieved by rheometric experiments to measure the increase in
shear storage modulus of the materials. Secondary objectives were the analyses of
mechanical properties such as strength, fatigue behaviour and expected lifetime.
Following experimentation, it was concluded that the MR performance of an
MRE, which is greatly affected by the microstructure of the composite, can be
maximised by improving particle orientation during curing. This was achieved by
optimising recipes and vulcanisation procedures to accommodate alignment of the
magnetic particles. This work refutes the assertion that MREs must always possess
very low moduli in order to produce significant improvements in physical properties,
a constraint that would severely limit their potential applications. Uniaxial testing
and crack propagation tests show the incorporation of magnetic particles into a
rubber matrix itself is not a contributing factor to any reduction in tensile properties
or resistance to crack growth, rather that the addition of magnetic particles replaces a
portion of other fillers, such as carbon black in rubber vulcanisates.
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Nomenclature
A
B
E
F
G
G'
G"
I
J
K
Mc
R
T
W

cross-sectional area
magnetic flux density
Young’s modulus of elasticity
force
shear modulus of rigidity
shear storage modulus
loss modulus
current
saturation polarisation
bulk modulus of elasticity
average chains per molecular weight
gas constant per mol
temperature
strain energy density

m2
T or mT
MPa
N
MPa
MPa
MPa
A
dimensionless
Pa
dimensionless
J/mol K
ºC or K
J/m³

m
n
p
t

magnetic moment
number of turns in a coil
pressure
time

A/m2 or J/T
dimensionless
MPa
s

ε
φ
γ
λ
µ
ν
ρ
σ
τ

strain
filler particle volume fraction
shear strain
extension ratio
magnetic permeability
Poisson's ratio
density
stress
shear stress

dimensionless
%
dimensionless
dimensionless
H/m
dimensionless
g/cm3
N/m2
N/m2
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Abbreviations
DMA
EPDM
CB
CIP
FE
MR
MRE
MRF
MU
NR
phr
SBR
SEM
SR
UTS

dynamic mechanical analyser
ethylene propylene diene terpolymer
carbon black
carbonyl iron powder
finite element
magnetorheological
magnetorheological elastomer
magnetorheological fluid
Mooney units
natural rubber
parts per hundred rubber
styrene butadiene rubber
scanning electron microscopy
silicone rubber
ultimate tensile strength
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Chapter 1
1 INTRODUCTION
Most elastomer components are fabricated from mixtures of at least one main rubber
which is mixed with ‘filler’ materials such as carbon black or silica to add strength.
Small amounts of anti-ageing ingredients are often included before a crosslinking
system (sulphur or peroxide) and accelerators are added. In the case of MREs
magnetic particles are added as the main filler.
Materials which adapt to their environment are often described as ‘adaptive’
or ‘smart’ materials. The addition of magnetic particles such as carbonyl iron power
(CIP) as filler to an elastomer such as natural rubber results in a composite material
that responds to changes in the magnetic flux density of an external magnetic field
applied to it. The magnetic interactions between the particles which are induced by
increasing the field changes the MRE’s properties by raising the modulus of the
composite material. As the modulus is increased, the stiffness, which is akin to
modulus, also increases. Components fabricated from this smart composite will
posess switchable properties which can be controlled by varying an external
magnetic field and can be tuned to suit specific operating conditions.

1.1 General Properties of Elastomers
As

this

research

is

primarily

concerned

with

the

characterisation

of

magnetorheological elastomers (MREs) a brief description of elastomers is followed
by an introduction to MREs. Elastomers are a group of amorphous polymers that
exhibit highly elastic properties: the ability to be deformed (stretched) by a large
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amount, reversibly. They comprise crosslinked long chain molecules and are usually
thermosetting materials that require vulcanisation to increase the number of
crosslinks, improving stiffness and other physical properties. Elastomers can also be
thermoplastic.
When a stress or strain is applied to the material, the long chains are
realigned by rotating and elongating in the general direction of the strain to
accommodate the increase in stored energy (see Figure 1-1). When the strain is
removed, the material returns to a state of maximum entropy and recovers its
original shape. This is what defines the material as highly elastic (the property of
hyperelasticity).

(a)

(b)

Figure 1-1 A two-dimensional representation of rubber in (a) the unstrained state and the (b)
strained state [1]

Rubber, which belongs to the group of elastomers, can be subjected to very large
deformations (in some cases as much as 700 %) and return to its original shape upon
removal of an applied load. Rubber has a very low Young’s (elastic) modulus (0.01 0.1 GPa [2]) compared with engineering materials such as steel (190 - 210 GPa) and
it maintains an approximately constant volume during deformation [3] (isochoric
behaviour). As stated, rubber is comprised of tangled long chain molecules, which
are free to rotate about the crosslinks joining them together. When the rubber is
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strained, the molecules are aligned in the direction of the applied strain. The
intermolecular forces are Van der Waals forces and relatively weak. Rubber also
exhibits the Mullins1 and Payne effects which are respectively reduction in modulus
with repeated low frequency large displacements and reduction in modulus with
repeated high frequency small displacements. The Payne effect will be of interest in
the context of this work, as the research will involve the observation of rubber
materials’ behaviour under small strains.
The Payne effect, named after British scientist, AR Payne, also known as the
Fletcher-Gent effect [4] after two scientists who conducted extensive research into
the phenomenon, is a property of filled rubber which is subjected to cyclic loading at
small deformations: the storage modulus of the rubber is dependent on the strain
amplitude and as the strain exceeds approximately 0.1 % strain amplitude, the
storage modulus decreases rapidly. When deformation reaches about 20 %, the
storage modulus reaches a lower bound and the loss modulus is at a maximum. The
effect is associated with filled rubber and is dependent on the filler content. It is
attributed to breakage and recovery of weak physical bonds in the filled material
microstructure, particularly in the bonds that link adjacent filler clusters.
Natural rubber, which is usually obtained from the latex sap tapped from the
rubber tree (Hevea brasiliensis), is made up of isoprene monomers. Isoprene has two
double bonds (Refer to Figure 1-2) and retains one of them after the polymerisation
reaction.
Natural rubber is a strain-crystallizing elastomer, meaning that when it is
strained it crystals form in the regions of greatest strain. This phenomenon is seen in
rubbers that consist of regular repeating units and is not seen in synthetic rubbers.
1

Mullins effect (Stress softening) – the material softens with each successive loading
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Natural rubber is thermoplastic and sticky, but can become thermoset when
vulcanised.

Figure 1-2 The chemical structure of natural rubber [5]

1.2 Vulcanisation of Rubber
Vulcanisation is said to have been discovered by Charles Goodyear in 1839 after
years of experimenting with various substances mixed with the rubber [6]. However,
many others were also experimenting with rubber around this time, searching for
methods to improve stability. Experiments involving the heating of mixtures of
rubber and sulphur may have been carried out in the late 1700s and Schidrowitz and
Dawson (1952) suggest that Jan van Geuns achieved vulcanisation in Holland in
1837 [7]. A co-worker of Goodyear’s, Nathanial Hayward, obtained a patent in
1838, which described a process of mixing rubber with sulphur and exposing it to
sunlight. Goodyear bought the patent and continued to experiment with the process.
It was Goodyear who in particular devoted himself to solving the problems
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associated with rubber and making it into a useful stable material. By early 1839 he
had discovered a method of eliminating heat softening with a compound of sulphur
and white lead and he had noted the significance of the role of temperature [8].
Unfortunately he did not possess the funding for commercial development and sent a
representative to Europe to look for support. A sample of Goodyear’s treated rubber
came into the hands of the British inventor Thomas Hancock. It has been reported
that Hancock states in his own memoirs that he deduced the presence of sulphur
from studying the slivers cut from the sample and undertook to replicate the process
[7]. He patented a vulcanised rubber in England in 1843. Later when Goodyear
applied for a patent in England (having obtained patents in the United States, France
and Scotland), he found that his application was blocked by Hancock’s patent. He
took legal action for infringement of his work, but it was concluded that Hancock
could not have obtained his knowledge from the study of Goodyear’s sample alone
and Goodyear’s action was unsuccessful. Although he died in poverty, having put all
of his finances into the pursuit of improving the properties of rubber and products
manufactured from it, often landing himself in prison for non-payment of debts,
Goodyear’s name is remembered in the Goodyear Tyre company, which he was not
linked to, but who chose to honour him by naming the company after him [9].
The term ‘vulcanisation’ was actually coined by William Brockedon, a friend
of Hancock’s, who named the process after the Roman god of fire, Vulcan. It
involves the addition of a curative (usually sulphur) to introduce crosslinking, which
makes the rubber more durable and improves tensile strength and elastic recovery of
the material and largely eliminates creep or flow effects.
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1.3 Properties of rubber
Rubber has always been of interest to engineers because of its usefulness and its
unique and unusual properties that are not observed in other engineering materials
such as metals. One such property is the Gough-Joule effect: if a stretched strip of
rubber is heated, it contracts in length. On cooling, the length increases. This effect
is reversible and repeatable. If the sample is stretched and held at a constant
stretched length, the tension will increase on heating.
Rubbers exhibit hyperelasticity and viscoelasticity. A hyperelastic material
can undergo very large deformations and recover most of its original shape.
Hyperelastic constitutive laws are used to model the nonlinear behaviour of elastic
materials that are subjected to very large strains.
Viscoelastic materials possess both elastic and viscous components of
behaviour. Elasticity describes a material’s ability to return to its original shape upon
removal of an applied stress that has deformed the material. In tension, the
deformation results from bond stretching along the crystallographic planes in an
ordered solid. Viscous materials resist shear flow and strain linearly when a stress is
applied to them. Viscoelasticity (time dependent behaviour) results from diffusion of
molecules in an amorphous material and such materials exhibit time-dependent
strain. If a load is applied and then removed from a viscoelastic material, energy is
lost from the material and a stress-strain curve shows a hysteresis loop. The amount
of energy lost during the loading cycle is equal to the area of the loop.

1.4 Overview of MREs
MREs are smart materials consisting of micron-sized magnetic particles in a nonmagnetic matrix. In most cases, a magnetic field is applied prior to crosslinking. This
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field induces a dipole moment within each particle. The particles try to migrate to
minimum energy states, aligning themselves into particle chains with collinear
dipole moments parallel to the direction of the field. These chain-like structures are
fixed in the matrix after curing. In order to shear the cured MRE in the presence of
an external magnetic field, extra work is required to displace the particles from the
minimum energy state. This extra work rises monotonically with the applied
magnetic field, so that the shear modulus is dependent on the magnetic field and can
be controlled by changes in it [10], [11].
MREs are normally utilised for applications that have small deformations in
the pre-yield regime of the linear viscoelastic region. In viscoelastic materials, some
of the deformation energy input is stored and recovered during each cycle; some is
dissipated as heat. The storage modulus, G’, represents the ability of the material to
store the energy of deformation, which contributes to the material stiffness. The loss
modulus, G’’, represents the material’s ability to dissipate the energy of deformation
[12].

1.5 The evolution of MREs
The earliest MR materials were magnetorheological fluids (MRFs), which are
commercially available and widely used. Jacob Rabinow began investigating
magnetorheological fluids in the 1940s [13]. An MRF consists of magnetic particles
suspended in a carrier oil or gel. In the presence of an external magnetic field, the
magnetic particles are aligned to form chains and the apparent viscosity of the fluid
is greatly increased. The MRF behaves like a viscoelastic solid as shown in Figs.1-3
and 1-4. The magnetic field can be used to control the MRF’s yield stress.
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MRFs require a containment vessel to hold them and one of the problems associated
with them is particle sedimentation, whereby particles settle out of the suspension.
This is because the density of the particles is much greater than that of the carrier
fluid. Surfactants may be added to the MRF to combat sedimentation, but this leads
to a decrease in the magnetic saturation of the fluid and hence the gain in yield stress
is limited. MRFs often contain additives to inhibit sedimentation and agglomeration
[13]. It has been suggested that MREs require lower particle content that MRFs for
the same change in MR properties [14].
It is possible that lighter, more compact MREs may replace MRFs in some
applications. MRFs usually operate in post-yield continuous shear or flow (whereas
MREs operate in the pre-yield regime as previously stated). MREs have been found
to have significantly higher yield strains than MRFs [10]. It has been speculated that
the solid matrix tends to enforce a more uniform distribution of the stress along the
particle chains than in a fluid matrix [10]. This may be a reason why MREs exhibit
higher yield strains than MRFs.
The amount of particle filler in MREs tends to be lower than in MRFs, which
may reduce the weight of components they are to be used in. MREs have greater
thermal stability than MRFs and their resistance to degradation is higher.
Boczkowska and Awietjan suggest that devices based on MREs may respond more
quickly than MRF-based components [15].

1.6 Structure of MREs
The matrix material, usually natural rubber or silicone is mixed first. The magnetic
particles, often iron or an iron alloy, are then added. For a greater
magnetorheological effect, a magnetic field is applied as the composite is cured. The
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magnetic particles are aligned in columnar chains in the direction of this external
magnetic field. When the composite MRE is cured, the particles are fixed in their
aligned positions within the chains as shown in Figure 1-5. The cured composite
MRE is intended for use in the presence of a magnetic field.

Figure 1-3 Example of an MRF [16]

Figure 1-4 “Protrude Flow", a ferrofluid sculpture by Japanese artist Sachiko Kodama [17]
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Figure 1-5 Particles aligned into chains in an MRE (sample D5B, see Section 5.5.3)

1.7 Potential Applications
A material with a controllable variable stiffness has many potential engineering
applications. It might be useful in mechanical components that are subjected to a
range of impact forces. MR materials might be used to dampen vibrations, or in
sensing or actuating devices. An MRE Adaptive Tuned Vibration Absorber (ATVA)
which works in shear mode was tested by Deng and Gong in 2007 and was found to
have improved performance when compared with a classical ATVA [18].
The Ford company developed an MRE automotive bushing: the stiffness of
the bushing was adjusted based on the state of the automobile’s power train in order
to reduce suspension deflection and to improve passenger comfort [19].
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The Lord Corporation produced MR fluids for use in servo valves, dampers and
shock absorbers and chucking/locking devices. Such devices may be used in vehicle
seat suspensions, passenger restraint and safety systems and seismic protection for
buildings [20-22]. MREs may be a suitable alternative in numerous smaller
applications such as dampers in automotive devices and human prosthetics.

1.8 The aims and objectives of the research
The fundamental research question addressed in this research is:
Can MREs be fabricated from elastomers having medium to high shear moduli that
exhibit properties that will allow their use in a range of practical applications?
This gave rise to primary aim of investigating the factors affecting the
magnetorheological (MR) performance of NR based MREs and thereafter to
optimise material properties. It involves mechanical testing such as uniaxial tensile
and compression testing to produce stress-strain curves, equi-biaxial dynamic testing
using bubble inflation and rheometric experiments to study change in material
properties over time with varying parameters (particularly, external magnetic flux
density).
The programme requires knowledge of the previous research carried out on
MREs and the current state-of-the-art. Hence a comprehensive literature review was
required to gather as much information as possible and to determine its relevance.
This review of the literature published to date facilitated:
•

identification of possible areas for research

•

problems to be overcome in the adoption of MREs.

Once an initial research question was posed, MRE samples were needed for the
experiments to provide the answers.
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The next objective was to fabricate MRE specimens and to optimise processes for
their production. This included testing various particle types, both commercially
available and manufactured in-house, the consideration of different matrix
configurations and the methods of fabrication. It was anticipated that this would
result in the identification of a suitable compound and optimal production method.
The third objective was to gather the preliminary results and establish
patterns in MRE behaviour under dynamic loading. These results will be compared
with findings in the published literature.
Some of the published work reviewed in Chapter 2 has raised the question of
how cracks initiate and propagate in a rubber filled with magnetic particles. There is
a dearth of information regarding this topic so it was prudent to investigate crack
propagation in MREs and how the incorporation of magnetic particles into a rubber
matrix affects service life. Lifetime prediction experiments have been carried out and
Wöhler (S-N) curves produced.

1.9 The structure of the thesis
A short description of elastomers and MREs and why they are of interest to
engineers has been provided in Chapter 1. The chapter begins with an overview of
elastomers, particularly natural rubber and its unique properties. Significant
contributions to the development of rubber processing and its commercialisation are
touched on before providing a brief history of MR materials. The potential
applications of MREs for commercial use are mentioned before introducing a more
in-depth study of MREs by considering the literature in Chapter 2.
Chapter 2 consists of a review of published literature regarding MREs. Some
of the most active and noteworthy authors are introduced and their main findings are
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described. Observing the work of published authors allows an insight into the
limitations of MREs and challenges arising in their fabrication and operation that
have been highlighted. This knowledge will aid the process of understanding
problems and identifying areas which merit further study.
Elastomer theory and MRE models are presented in Chapter 3. The chapter
begins with the early studies of rubber and the development of the kinetic theory,
which is still referred to today. Theories that are specific to MREs are covered in the
models developed by Jolly et al. [10] and Alshuth et al. [23]. As the research
requires the application of a uniform magnetic field for the production and operation
of MREs, a method whereby such a field might be achieved is introduced.
Materials and methodologies employed are reported in Chapter 4. A brief
description of the MRE fabrication process is given in this chapter and more detailed
step-by-step procedures can be found in Appendix A. Obstacles to carrying out the
work and solutions are presented at this stage.
Experimental results are summarised in Chapter 5. These results include
physical testing to ascertain MRE material properties and to observe alignment of
the particles. Mechanical and rheometric test results are presented to inform a study
of MRE behaviour when the material is deformed.
The results presented in Chapter 5 are analysed in Chapter 6. The behaviour
of the MREs tested is discussed and compared with the work previously published
and reported on in Chapter 2.
The conclusions gleaned from the research and questions that remained
unanswered by analyses of results are noted as possible regions for further work in
Chapter 7. Hence, the main conclusions drawn from the study and outlines for future
development of the research programme are highlighted here. Suggestions for
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studies that are outside the scope of this work and would merit investigation by
researchers from outside this discipline are also offered.

1.10 Summary of Chapter 1
This chapter introduced elastomers, especially rubber, and their unique properties
and peculiarities. The significance of Goodyear’s research and Hancock’s
subsequent patent were mentioned because without their contribution, rubber would
not have its place as one of the most versatile and widely-used materials in
manufacturing industry today. While the potential for a material with such properties
was apparent it was the discovery of vulcanisation that made rubber stable and thus
useful. Until a method of curing the material had been found it was only a matter of
time before the rubber and any products fabricated from it would become tacky and
resemble a viscous liquid.
An overview of MREs and why they are of interest was given along with the
benefits to be gained from their use and some applications. As with rubber, MREs
are still very much in development and the challenge of how to render them useful to
engineering remains. The main barriers to the exploitation of MREs are their limit to
small strain applications, cost of fabrication and a thorough understanding of the
factors required to reproduce materials capable of exhibiting predictable
reproducible properties.
This chapter closes with an overview of the structure of the document
to aid the reader’s orientation and allow him or her to locate specific areas of interest
quickly and easily.
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Chapter 2
2 LITERATURE REVIEW
To appreciate the significance of published literature on MREs it is necessary to
understand the parameters and properties that affect MRE performance. Each
influences the behaviour of the elastomer matrix and the dispersion of particles
within the matrix. Additionally, MRE characteristics are dependent on the behaviour
of the material at interfacial layers between particles and matrix. All these factors
will be fully discussed as the effects on MRE composite materials becomes apparent
in the research reviewed in this chapter.

2.1 Factors influencing MR Performance
2.1.1 MRE fabrication conditions
The most obvious factor affecting MRE performance is the composite’s recipe - the
particles, matrix and any other additives that go into the blend. The compound
obtained depends not only on the ingredients used, but also on the parameters chosen
during manufacture. Rubber materials change with variations in ‘pot time’ (the
duration of the mixing process), compounding temperature and time allowed for
vulcanisation. For MREs, the magnetic field application must also be considered.
Chen et al. [24] carried out studies on the effects of matrix type, external magnetic
flux density, temperature during particle orientation (pre-configuration) and
plasticiser quantities on the MR performance of elastomers. Though they initially
used silicone rubber and natural rubber (NR) as matrix materials, the NR exhibited
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mechanical properties (tensile strength, angle tear strength, resilience factor and
hardness) superior to those of silicone rubber and was chosen as the basis for the
dynamic test programme.
The temperature during particle alignment was observed to affect the
magnetorheological effect of the MREs presumably because alignment was aided by
the lower viscosity of the matrix when heated – softening on heating, but rehardening with further heating, as chemical crosslinking occurred. Operating
temperature of mechanical testing may also have had an influence on the MRE due
to its effects on the (NR).
Chen et al. added plasticisers to the matrix. These lubricated the molecular
chains and allowed them to glide easily past one another when the cured MRE was
subjected to a load in the presence of a magnetic field. NR MREs containing
plasticisers showed an increase in shear modulus in the presence of an external
magnetic field. MREs containing 20 % plasticiser showed a greater increase in shear
modulus (78 %) than MREs containing half of that amount of plasticiser (14 %)2.
Boczkowska and Awietjan [12] fabricated MREs with urethane matrices. They
found that the viscosity of the matrix had an effect on the structure of an MRE. The
relative change in elastic (Young’s) modulus in the presence of an external magnetic
field was seen to be higher in soft elastomers. A matrix with a lower viscosity
allowed the particles to move more easily to form chains. Jolly et al. [10] also found
that a matrix with a low viscosity resulted in greater mobility of the particle chains.
Boczkowska and Awietjan used urethane elastomers because they have better
degradation stability than NR or silicone rubber. Polyurethane gels have low density
(1 g/cm3), low hardness (less than 10 Shore A) and low stiffness (Young’s modulus
2

Percentages given are the increases in modulus when the external magnetic field was switched on
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can be as low as 0.1 MPa), which lead to relatively high property changes when an
external magnetic field was applied to an MRE. Low viscosity (1,600 mPa·s at
25˚C)) during processing allows the particles to arrange themselves into chains
easily. A higher magnetic field strength is required to produce ferrite particle chains
in higher viscosity matrices [12]. Increasing the magnetic field during curing was
observed to produce wider particle chains and a widening of the spaces between the
chains [14], [25]. Samples were cured under fields of 0.1 T and 0.3 T and for the
higher field strength particles chains with the particles a few microns further apart
resulted3.
The size of particles affects the change in properties observed in MREs. The
magnetic attraction between particles is dependent on particle diameter [10].
Stepanov et al. [26] conducted experiments with two types of sample; the first
contained small particles, with an average size of 2-4 µm; the second a wider range
of particle sizes (average size 2-70 µm). The increase in Young’s modulus of the
sample with the smaller range of sizes was approximately twice that of the second
sample containing a wider range of particle diameters.

2.1.2 Influence of crosslink density
It is known that the mechanical behaviour of rubber depends largely on its crosslink
density [27]. To date, no studies have reported how the addition of magnetic
particles to a rubber matrix affects crosslink density. Would it inhibit the formation
of crosslinks or would it increase heat transfer aid the formation of crosslinks?
Vinod, Varghese and Kuriakose [28] conducted tensile tests using natural rubber
3

Boczkowska did not give values. Estimates were made from the figures produced in the journal

articles.
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vulcanisates containing aluminium particles. As aluminium is not magnetic, these
were not MREs, but the study gave an indication of the behaviour of elastomers
containing metal particles. Metals, particularly aluminium, have high heat transfer
coefficients. Vinod et al. found that the aluminium powder decreased the elongation
of the rubber at break. When the samples were aged for seven days, tensile strength
was increased by up to 1 MPa. This early increase in tensile strength was attributed
to increased thermal conductivity aiding crosslinking. If the aging period was
increased to fourteen days, the chain scission process came to dominate and tensile
strength decreased to a few MPa below the initial value for tensile strength. It was
also observed that there was a difference in the cracking of rubber samples subjected
to a tensile strain: Vinod and his co-workers suggested the possibility that small
particles in the matrix arrested cracks preventing them from propagating.

2.1.3 Magnetic properties
Most elastomers have a relative permeability near unity. The theory developed by
Jolly et al. [10] shows that the maximum field induced change in modulus rises
quadratically with the saturation polarisation of the particle material. Particles with a
high saturation polarisation tend to have a large MR response [10]. Pure iron has the
highest saturation magnetisation (2.1 T [13]) of the known elements, has high
permeability and low remanent magnetisation4, which provides high short-term
attraction between the particles [12]. If remanence is high, then the switching effect,
after the initial orientation of the particles has been achieved in operation, will be
reduced.
4

Remanent magnetisation is the magnetisation remaining in a body after a magnetic field has been

switched off
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Carbonyl iron is a very pure form of iron (95-99 % pure), obtained through thermal
decomposition of pentacarbonyl iron [29]. Impurities include carbon, oxygen and
nitrogen. Carbonyl iron has been used in many studies of the behaviour of MREs
because its high saturation magnetisation leads to large increases in the magnitude of
shear modulus (switching effect). Alloys of cobalt, strontium and barium may have a
higher saturation magnetisation.
Materials may be described as ‘hard’ or ‘soft’ magnetic. Hard magnetic
particles show high remanence and curves of their magnetic behaviour exhibit high
hysteresis. Soft magnetic particles are desirable because their low remanence allows
a greater switching effect (change of modulus when the magnetic field is applied)
and their low hysteresis means that the switching is rapid and repeatable and
therefore predictable and controllable.

2.1.4 Volume fraction of magnetic particles
Boczkowska et al. concluded that the microstructure of MREs depends largely on
the amount of iron particles present in the matrix. High particle content was found to
cause the formation of more complex structures similar to 3D lattices rather than
chains of particles. For the polyurethane samples used by Boczkowska et al, these
3D lattices were formed when the particle content reached approximately 33 % by
volume of iron particles. Lower particle content (11.5 %) resulted in the formation of
MREs with wide spaces between the particle chains. The arrangement of particles in
such chains was non-uniform. As the particle content was increased, the chains
became closer together. The spaces between individual particle chains were wider
for samples with a lower particle content [14]. Boczkowska described this structure
as ‘isotropic’, and termed directionalised chains structures ‘anisotropic’. She termed
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the probability that the structure would be in the form of chains as the ‘anisotropy
coefficient’. The maximum value of anisotropy coefficient corresponded to an 11.5
% volume carbonyl-iron content in her experiments. The anisotropy coefficient value
decreased as the particle volume fraction of particles was increased for this matrix.
Boczkowska [12] found that the storage modulus, G’ was higher in MREs with a
higher anisotropy coefficient.
Jolly et al. [10] found that the size of the gap between individual particles is
important. With fewer particles, the gap size increased and the magnetic interactions
between them were reduced. Reduction of the gap size can be achieved by using a
matrix with a low viscosity.
Like Boczkowska, Chen et al. [24] also found that the MR performance of an
MRE was increased as the amount of ferromagnetic particles was increased, up to a
point. They experimented with samples containing up to 80 % weight fraction
(approximately 30 % volume fraction) particles. These samples exhibited increased
shear storage modulus, loss tangent and hardness, but decreased tensile strength,
angle tear strength and resilience factor. A higher percentage of particles led to a
reduction in the zero-field modulus (the modulus in the absence of an external
magnetic field) so that the relative MR effect was reduced.
Steinke, who experimented with MREs filled with magnetite nanoparticles
observed the same limit to the volume fraction of magnetic filler that can be added
before the relative modulus begins to reduce [30].
Boczkowska and Awietjan [15] concluded that MREs can be optimised to
increase either the stiffness or the damping of the material by applying a magnetic
field. The elastic modulus was found to increase with the angular frequency of
dynamic shear cycles [12] but the magnitude of this increase was not reported.
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However, this phenomenon is not exclusive to MREs: Gent [6] reports that rubber
molecules break and reform, sometimes favouring a structure that will increase
resistance to shear. It is not known whether the addition of ferromagnetic particles
helps or hinders the process, but it is likely that such an increase in modulus would
have been observed in unfilled samples too. Earlier work conducted by Chen et al.
[24] highlighted a slight influence of the frequency of cycling on the magnetoinduced modulus.

2.1.5 Magnetic flux density
A strong external magnetic flux density applied prior to crosslinking leads to a high
magneto-induced modulus (increase in the modulus when an MRE is operated in the
presence of a magnetic field) [24]. The zero-field modulus is not affected, as there is
no magnetic interaction between the iron particles unless a magnetic field is applied.
The storage modulus, G’, rises significantly as the magnetic field increases. The
relationship is non-linear; at higher magnetic field strengths, the maximum magnetic
saturation of the particles is reached and any further rise in modulus is negligible. It
should be noted that the dispersion of a high concentration of magnetic particles may
affect the zero-field modulus of the composite. An FE simulation conducted by
Davis et al. [31] suggested that there was no difference in zero-field modulus
between isotropic MREs filled with homogenously dispersed CIP and anisotropic
specimens containing CIP aligned into columns along magnetic field lines.
Boczkowska and Awietjan varied the orientation of the samples within the
external magnetic field prior to curing so that the particle chains formed were
inclined to the edge of the samples. When these samples were tested the chains were
also at angles to the applied magnetic field. Boczkowska and Awietjan found that
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samples with the particle chains deflected at 30˚ and 45˚ relative to the applied
magnetic field lines showed the highest values of storage modulus, G’, followed by
samples with chains aligned parallel (0˚) to the magnetic field lines. When the chains
were perpendicular to the magnetic field lines, the rise in G’ was negligible [32].

2.1.6 Thermo-oxidative Degradation
Lokander et al. [33] investigated the effects of oxidation on natural rubber with iron
particles. Results showed that large amounts of iron particles led to a decrease in
oxidative stability. The surface of “pure” iron particles is covered in a thin layer of
iron oxide. This leads to large amounts of oxygen entering the matrix. Iron ions are
known to accelerate the oxidation of rubber materials [34, 35]. When aged in an
oven, these samples were found to degrade faster than samples without iron
particles. Lokander et al. suggested a number of possible explanations for the
increase in oxidation, but believed the main reason was that the iron ions catalysed
the decomposition of hydro-peroxides and accelerated the process. The addition of a
conventional antioxidant (Irganox 1076) to the MREs slowed the degradation and
prolonged the lifetime of the MRE composites.
Stepanov et al. [26] used iron powders that were processed by hydridecontaining silicone, in order to prevent aggregation and to enhance compatibility
with the matrix. This process removed moisture from the particle surfaces and
caused them to become more hydrophobic. They achieved the most significant
increases in modulus of any of the research reported here, but Stepanov et al. noted
that their test materials had very low initial moduli to begin with. They did not carry
out ageing tests.
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2.1.7 Swelling of MREs
To date no investigation of the effects of swelling on MREs has been carried out.
However, extensive swelling tests for rubber samples subjected to equi-biaxial
bubble inflation has been carried out by Hanley [27], Hanley, Murphy, Ali and
Jerrams [36, 37] and a study of this phenomenon may ensue from the current
research programme into the physical characterisation of MREs.

2.1.8 Pre-stressing
In many engineering applications a component is preloaded. This preload can change
the way a material and thus a component behaves. Rubber is often conditioned or
‘scragged’ before use. Abraham [38] found that pre-stressing EPDM and SBR
specimens increased their fatigue life.
The effect of a preload on MREs was investigated by Lejon and Kari [39].
They found that as preload increased, the influence of an external magnetic field
decreased. Correspondingly, as magnetic field strength increased, the influence of an
applied preload decreased. They concluded that if an MRE component is to be
operated with a preload while an external magnetic field is used to control the
component’s material properties, then this preload must be taken into account at the
design stage, as it will limit the change in MR properties that can be achieved. It
should be noted that the application of a magnetic field to an MRE is similar to
applying a pre-stress. In a preloaded MRE, both the molecular chains and the particle
chains will be less free to move, even if a magnetic field is applied. In the same way,
increasing this applied magnetic field will cause an increase in the magnetic forces
that the particles exert on each other, which may to some extent overcome the initial
applied preload. If a material is to be sheared in a rheometer and has a preload (is
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already loaded in torsion) then the particles will be a little further apart i.e. the gap
distance will be increased.

2.2

Overview of dynamic testing of Elastomers

Test methods to determine fatigue strength in elastomers involve dynamic uniaxial
tensile and compression tests as well as dynamic biaxial tensile tests to determine the
mechanical properties of the material. Usually, sample specimens are loaded and
unloaded over several thousands of cycles. These dynamic tests simulate the
repeated loading that would be expected over the life of a component and give an
indication of anticipated component lifetime. Details of methods and standards for
testing will be dealt with in Chapter 4.
Chen and his co-workers [24] used a Dynamic Mechanical Analyser (DMA)
to carry out dynamic tests, applying an oscillatory strain to natural rubber specimens.
An electromagnet was used to produce an external magnetic field of up to 1 T. Shear
storage modulus, loss modulus and loss tangent were obtained for each of the
specimens at various cycling frequencies, strains and applied magnetic fields. Their
findings show that the magneto-induced shear modulus increased as the particle
content was increased, but the zero-field modulus (shear modulus in the absence of a
magnetic field) also increased. This contradicts the prediction from the FE
simulation of Davis et al. [31] mentioned in Section 2.1.5. A sample with 80 %
weight fraction (32 % volume fraction) of carbonyl iron particles exhibited a rise in
shear modulus of 133 % of the zero-field modulus. However there was a decrease in
angle tear strength and tensile strength. Jolly et al. [10] achieved a 30-40 % increase
in shear modulus, G of silicone-based MREs. These experiments were conducted at
small strains (1-5 %).
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The work of Farshad and Benine [40] showed that the addition of ferrous particles
(BASF EW-I, 3.8 µm diameter) to the matrix increased the density and hardness of
the composite. Pure silicone samples had a hardness of 64 Shore A. The MRE
composites were approximately 20 % harder (78 Shore A). They achieved an 80 %
increase in tensile strength compared to the unfilled silicone. The tensile modulus
increased by 200 %, and the compression modulus by 300 %. These results were
obtained when the applied load was in the same direction as the columnar particle
chains and under an external magnetic field of up to 180 mT during testing.
Compressive strength was increased by a factor of five from 0.7 MPa to 3.5 MPa.
The maximum tensile strain for the pure silicone samples was 40 %. This value was
retained for the longitudinally aligned filled samples (particle chains in the direction
of loading). Samples with the chains aligned at 90˚ to the applied load had a
maximum tensile strain of 20 % and samples that had homogenously distributed
particles achieved a maximum tensile strain of 30 %. Compressive stress was
increased.
During static tensile testing, a large increase in the elastic modulus was
recorded by Stepanov et al. [26]. The rise in modulus increased as the magnetic field
strength was raised. For small deformations (1-4 %), the increase in tangent Young’s
modulus5 was one hundred-fold. At 50 % deformations, the increase in tangent
Young’s modulus was ten-fold. Shear tests revealed a similar increase in shear
modulus. When loads were cycled continuously (dynamic tensile and dynamic shear
tests), hysteresis was observed. As the magnetic field was increased from 0 mT to 90
mT or 0 mT to 330 mT, the area of the hysteresis loop increased. The increases in

5

Tangent Young’s modulus is the first derivative of stress with respect to strain (dσ/dε) at every value

for strain, ε and may be used where the elastic modulus does not follow a linear curve.

25"

C04837487
elastic and shear moduli observed by Stepanov and his co-workers were much
greater than those reported in the literature of earlier researchers. Stepanov et al.
concluded that this apparently very high increase in modulus might have been
expected since the material had very low initial elastic and shear moduli. A residual
deformation (shape memory effect) was observed when the MRE was unloaded.
This residual deformation was removed when the magnetic field was switched off.
Zhou and Li [41] studied the dynamic behaviour of an MRE under uniaxial
deformation. The study found that for a cyclic frequency less than 80 Hz, there was
very little change (an increase in modulus of 5 %) in MR properties when the
magnetic field strength was increased from 0-185 mT. They concluded that for such
a low frequency, an MR device did not offer a significant benefit. As we will see in
Chapters 5 and 6, 0.185 mT is a very low magnetic flux density and the particles
would not be magnetically saturated. Even with the relatively high volume fraction
of 27 vol.% carbonyl iron in a soft silicone rubber matrix, little change in modulus is
to be expected anyway. Chen et al. [24] and Boczkowska [12] also observed only
slight changes in the MR properties of MREs when the cyclic frequency was less
than 50 Hz.

2.2.1 Effect of Frequency on Modulus during testing
Jolly et al. [10] conducted experiments on double lap shear MRE specimens
consisting of polydimethylsiloxane and 30 % volume carbonyl iron particles and
compared the results with the predictions from a model they had developed. As
expected from their previous research, the specimens with a higher volume fraction
(30 %) of iron particles exhibited a higher shear modulus. The achieved increase in
shear modulus in the presence of a magnetic field of 1 T ranged from 30–40 %
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compared with the zero-field shear modulus. Jolly et al. concluded that specimens
with lower particle contents have larger gaps between the iron particles and so the
magnetic interaction between the particles is reduced. In specimens containing 30 %
volume iron particles, the onset of yield was found to occur at strains of 1-2 %. This
yielding at low strains was not seen in the absence of a magnetic field and Jolly et al.
concluded that it was due to yielding of the particle structures (magnetic yield) as
opposed to mechanical yielding of the whole composite MRE. They also concluded
that most of the strain and ultimate yielding of a chain occurs between a few pairs of
particles or even a single pair of particles. The experimental strain achieved before
yielding was significantly lower than the predicted theoretical strain. The model
developed by Jolly et al. accurately predicted the maximum change in shear
modulus, G, in specimens with 30 % volume fraction iron particles, but
overestimated the shear modulus at lower particle loadings. The theoretical strain
may have been achieved at a local level, but over the whole chain, the average strain
was much smaller. They believed this to be due to non-uniformity of the particle
geometry and the chain structure. The strain distribution along the particle structures
tend to be more uniform in a composite comprised of a solid matrix than in a fluid
matrix [10].
In these experiments, the frequency of the oscillation was varied for several
applied magnetic fields. Testing was conducted at frequencies between 1 Hz and 50
Hz. The overall modulus increased as the frequency was increased, but the frequency
had no significant effect on the field-induced change in modulus. These findings are
similar to those of Chen et al. [24] who noticed only a very slight increase in
magneto-induced modulus when frequency of cycling was increased. Chen and his
co-workers had conducted their experiments within a similar range of frequencies.
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They concluded that a quasistatic mathematical model was valid for frequencies up
to 50 Hz.
Tan δ (the ratio of the imaginary part or loss modulus to the real part or
storage modulus) was found to be relatively constant at low strains (about 1 %), but
increased by 10-15 % at higher strains (5-10%). This was due to a greater amount of
energy being dissipated at the higher strains as the particle chains yield.
Chen and Jerrams [42] have offered a model of MREs subject to harmonic
excitation that includes a term for interfacial slippage between the rubber matrix and
magnetic particles. The additional term represents a spring-Coulomb friction slider
and allows the accurate simulation of hysteresis in MREs subjected to high
frequency vibration. As such, the model is an effective tool in determining control in
MRE devices. Interfacial layers are an important area of study in MRE research,
particularly as they are considered to influence the ageing characteristics of the
compounds.

2.2.3 Fatigue testing
Development of MREs is still in its infancy and researchers have focused on
understanding the mechanism of the particles during the application of a magnetic
field during operation. To date there is little information available regarding
expected lifetime of MREs or a reliable prediction criterion for the material. Zhang
et al. [43] undertook a study to investigate the effects of cyclic deformation on
MREs and reported that as the concentration of magnetic particles was increased, the
modulus was reduced as the strain amplitude and number of cycles was increased.
For specimens containing 60 mass% CIP, the modulus seemed to be almost
independent of the strain amplitude (50-100 %) and number of cycles (up to 14x104).
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Specimens containing 80 mass% showed a reduction in modulus when the strain
amplitude was increased from 50 % to 100 %. The modulus was reduced from
1.8 MPa to approximately 1 MPa after about 4*104 cycles. Following 105 cycles the
80 % mass specimens were fractured. These specimens had more cracks on the
surface than the specimens which contained lower amounts of magnetic particles.
The authors attributed the dependency of modulus on strain amplitude and number
of cycles to the process of rearrangement of the particle chains during cycling and
the subsequent changes that occurred in the microstructure of the MREs. The
specimens were loaded in the same direction as the particle chains and the authors
noted that in the specimens which contained a higher amount of CIP, cracks opened
at the interface between particle and matrix. In the specimens with the lower
concentration of CIP, the cracks initiated with the breakage of intermolecular forces
between the polymer chains. The cracks for all samples propagated perpendicular to
the direction of loading. Only general details of the cis-polybutadiene rubber recipes
were given in the work.

2.2.4 Thermal Ageing
As mentioned in Section 2.1.2 Influence of crosslink density, Vinod [28] aged NRaluminium powder composites in an oven at 70˚C for periods of 7 and 14 days and
observed an increase in tensile strength which they attributed to continuous
crosslinking of the elastomer due to increased thermal conductivity in the presence
of the aluminium powder. The tensile strength was found to have decreased after 14
days and this was thought to be due to the predomination of the chain scission
process. Tensile testing was carried out on a Zwick universal test machine at a
crosshead speed of 500 mm/min (in accordance with ASTM D 412-80). Aluminium
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and clay powder-incorporated vulcanisates retained their mechanical properties
better than elastomers incorporating other fillers.
Lokander et al. [33] investigated the effects of oxidation on NR with iron
particles. The samples were aged by hanging them from cotton threads in an oven at
90˚C for a period of 7-14 days. Mechanical strain at break decreased as aging time
increased. The breaking stress and elastic modulus initially decreased due to chain
scission within the matrix, but then increased rapidly due to crosslinking when an
‘oxidised skin’ was formed on the surface of the particles.

2.2.5 Memory effect and magnetostriction
Magnetostriction is the change in a magnetic material's physical dimensions in the
presence of an external magnetic field and is caused by the rotation of magnetic
domains within the material. Stepanov et al. reported a memory shape effect in
dynamic tests. If an MRE component was loaded and unloaded cyclically, some
residual plastic deformation remained as the material was unloaded. They concluded
that the MR effects arose from the movement of the ferromagnetic particles in the
matrix. In MREs, the particles are fixed in the matrix and their movement causes the
matrix to deform with them. The shape change was lost when the magnetic field was
switched off [26].
Guan et al. studied magnetostriction in silicone rubber specimens filled with
carbonyl iron particles (0, 15, 20 and 27 % volume fraction) [47]. The samples were
cylinders with strain gauges attached to measure strain in the specimens with the
application of an external magnetic field. They observed greater magnetostriction in
samples containing higher volume fractions of filler particles, which increased for
each sample as the magnetic field strength was increased (loading stage) and
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decreased as the magnetic field strength was reduced (unloading stage). They
attributed the magnetostriction in the samples to elongation of the composite
material as the magnetic field was switched on. The hysteresis loops obtained for the
loading/unloading cycles had greater areas as the volume fraction of particles was
increased.
Guan et al. also investigated the influence of the direction in which the
particles were orientated: the greatest magnetostriction was observed in a sample
with the particles orientated normal to the diameter of the cylinder and perpendicular
to the loading axis. The next highest magnetostriction was observed in samples
containing particles that were aligned longitudinally, along the loading axis. The
poorest magnetostriction was observed in a sample with a homogenous dispersion of
carbonyl iron.
The sample with the homogenous dispersion was subjected to three
successive cycles of the magnetic field being switched on and off. With each
successive cycle, the strain and thus the magnetostriction achieved, decreased and
remanent magnetostriction was observed. Some remanent magnetostriction was
observed after the magnetic field was switched off completely. This was attributed to
some of the magnetised particles, which had moved to align into chains when the
magnetic field was switched on, being unable to return to their original positions
when the magnetic field was switched off, hindered as they were by the viscoelastic
matrix.
Guan et al. cited the work of Grinder, Clark, Schlotter and Nichols (1999) in
their study. Grinder et al. reported an increase in shear modulus of 2 MPa in
carbonyl iron-filled natural rubber samples [44]. The increase in shear modulus
varied approximately quadratically with increasing magnetic flux density until
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magnetic saturation was achieved. They noted that the hysteresis observed was more
likely to arise from the rubber matrix material and its behaviour when strained than
from the magnetic effects of the composite. Grinder et al. pointed out that
compression or shrinkage along the axis of the cylindrical specimens might be
expected when the magnetic field is applied, but the magnetostriction they observed
was positive: the samples elongated [45]. Guan et al. observed the same behaviour in
their tests.

2.2.6 Surface chemistry of the particles
Most of the specimens investigated in this work contain carbonyl iron as the
magnetic filler particles. These particles are polar and do not disperse easily in the
non-polar NR matrix. Dispersion and compatibility with the rubber matrix can be
improved by modification of the particle surface. In Chapter 5: Results, Series E
compares the results of silanisation of CIP coated with SiO2.

2.2.7 Experimental conditions
Following the compounding of a suitable mixture, it was essential to cure samples in
a uniform magnetic field prior to testing them. Silicone matrix samples were cured in
a relatively simple process at room temperature between a permanent magnet and a
steel plate. Natural rubber matrix samples were vulcanised under pressure with heat
in a standard press for rubber. In order to obtain a magnetic field to align the
particles, an existing system incorporating an electromagnet was used to apply a
magnetic field through the mould in the press. This system applied a field of 0.6 T to
samples that were 2 mm thick.
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The application of a uniform magnetic field of 1 T to a sample 20 mm thick was
desired for later work. The size of the samples presented a problem – larger samples
require a larger mould and a magnetic field that is uniform over a larger area. A
system whereby three to five samples could be vulcanised at the same time would be
ideal. A brief overview of this problem is given in Appendix B.

2.3

Summary of literature review

Research into magnetorheological materials began with MRFs, which are widely
used in industry today. Limitations of MRFs include sedimentation of the particles
and the need for containers to hold the fluids employed. The elastomer of an MRE
overcomes these problems but MRFs and MREs will find different applications due
to the different qualities they possess: a fluid can be used to transmit forces between
points in a system and to multiply them (hydraulic systems). Many MRF
applications are in vehicle suspension systems, clutch or braking devices [20-22]. A
solid matrix does not always have the potential to be of use in such applications, but
it can be used as a damping or absorbing material. The expected potential
applications of MREs lie in sensing and actuating devices and damping of vibrations.
The review discusses the fabrication factors and considerations affecting
performance of MREs investigated in published literature to date. The work of a
selection of authors involved in this field and their areas of interest are touched upon
briefly. Boczkowksa and Awietjan [14] have focussed on the microstructure of
MREs and how it is affected by fabrication factors such as magnetic flux density and
volume fraction of particles. Chen et al. [24], Wang et al. [46] Gong et al. [11] and
Jiang et al. [47] looked at how these factors affected the mechanical properties of
MREs and their operating performance. Lokander et al. [33] conducted aging
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experiments with MRE composites. Stepanov et al. [26] and Guan et al. [48]
investigated the phenomenon of magnetostriction and its magnitude. Deng et al. [18,
49] went on to quantifying the gains that could be achieved by applying MREs to
vibration control.
The literature review has prompted suggestions to enhance the research
programme. Although many of the authors reviewed have contributed significantly
to the optimisation of MREs, the topic is still in its infancy and further study is
necessary to obtain a more complete understanding of the material and its potential
and to clarify where MREs can be applied. With regards to characterisation of
mechanical behaviour, most of the published literature has focused on shear
modulus, with uniaxial testing carried out to investigate the reduction in tensile
strength that is associated with anisotropic MREs. More topics for research have
been identified than can be covered in this work – swelling and aging are suggested
for future investigation. No researchers to date have considered equi-biaxial testing
and the review exposed a dearth of information on fatigue testing and lifetime
prediction. As these are time-consuming experiments, it is not surprising that they
have received less attention than other research questions. This does not negate the
need for such investigation. All materials used in production of components must
demonstrate a reasonably reliable lifetime for the operating conditions expected. The
anisotropy of MRE materials leads to an uneven distribution of stresses throughout
components. This along with the presence of iron oxides in many MRE materials
and their contribution to accelerated aging underlines the need for information about
expected lifetime and solutions to the complications inherent in MRE materials.
MREs can be fabricated from a wide range of magnetic particle and matrix
materials and general conclusions from the results of a few studies limited to specific
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recipes may not be sufficient to give a clear picture of their behaviour. It would be
interesting to expand the work of Boczkowska et al. regarding the effect of
microstructure and to develop a concept to design a microstructure tailored to
specific application requirements. It would be useful to know whether the
observations of Zhang et al. for polybutadiene rubber specimens are also true of
other MREs, particularly MREs based on NR rubber. Further research is required to
optimise both the MR properties and the lifetime of composites. It is already
anticipated that iron-filled MREs will need extra protection against aging - a solution
may be found in further researching the concept of modifying or functionalising the
magnetic particles surfaces and investigating the interfacial layers that caught the
attention of Chen et al.
At this point, another area to be considered was raised: the surface chemistry
of the filler particles and how it affects the compatibility of the particles with the
rubber matrix. This is an area that grows beyond the scope of this work and is likely
to be one of the most significant topics in the quest to make MREs useful. A suitable
method to compatibilise the carbonyl iron particles used as magnetic filler in NR, as
for most of the test materials in this work, would also protect the matrix from the
iron ions that were discussed in Section 2.2.4 as likely to accelerate aging. Chapter 5
will give an insight into the complications that arise with searching for the right
modifier and method to achieve a good interface between particle and matrix. While
the concept of surface modification is introduced and makes up a small part of the
research, it is one solution that is not completely resolved and is suggested as an area
of investigation for future researchers with a strong background in chemistry.
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Chapter 3
3 THEORY AND MODELLING
3.1 Constitutive models of linear viscoelasticity
Rubber is a unique material which behaves very differently to other engineering
materials such as metals. Its non-linearity makes it more difficult to predict
behaviour when the material is subject to a stress or strain. Some of the theories
proposed to describe the physical behaviour of rubber are discussed briefly in this
chapter. This is followed by a description of one of the main theories to describe the
behaviour of MREs.
There is plentiful literature devoted to conventional elastomers and their
properties. The constitutive equations describing the behaviour of elastomers
continue to be revised and developed and some authors have devised models to
describe the behaviour of MREs. The addition of metal particles inevitably changes
an elastomer’s mechanical properties and behaviour when the material is subjected
to stress.
Joule measured thermodynamic changes in stretched rubber in the 19th
century (the Gough-Joule effect was mentioned in Chapter 1) and Kelvin (1857)
demonstrated the effect of temperature on the retractive force of rubber.
Explanations for the large deformations observed in rubber and its ability to recover
its shape were offered by Ostwald [50], Fikentscher and Mark [51], Haller (1931)
[52] and Mack (1934) [53]. Meyer, von Susich and Valkö (1932) [54] attributed the
coiling of rubber long-chain molecules into irregular statistically-determined forms
to vibration of atoms. Kuhn (1936) [55], Wall (1942) [56], Flory and Rehner (1943)
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[57], James and Guth (1943) [58] and Treloar [59] all contributed to the kinetic
(statistical) theory of rubber elasticity that has formed the basis of phenomenological
theories that predominate today. A brief outline of the statistical theory is presented
here.

3.1.2 Kinetic (Statistical) theory
The kinetic theory is based on a vulcanised rubber sample comprised of long-chain
molecules which are crosslinked at some points. It uses the first and second laws of
thermodynamics to relate deformation of strained rubber with changes in entropy. At
constant temperature, the deformation of rubber is accompanied by a reduction in
entropy as seen in the realignment of the polymer chains depicted in Figure 1-1. It is
assumed that there is no change in internal energy of the rubber. Hence, the amount
of heat evolved in the rubber is equal to the work done by the applied force on the
rubber. The internal energy of the rubber, which is kinetic energy, arises from the
thermal agitation of the atoms in the chains. This energy is not emitted but is used to
increase molecular agitation, which increases the temperature of the rubber.
The theory provides a means of determining the internal energy and the
change in entropy when a rubber is deformed. It suggests that the applied force
required to deform the sample can be calculated for a given strain and temperature.
This is found to be true for moderate to high strains but deviations occur at both low
and very high strains. At strains of less than ten per cent, the thermal expansion of
the rubber causes variations in the dimensions of the unstrained sample with
temperature change. At very high strains (above 400 % [60]) natural rubber
crystallizes. Crystallization is associated with reductions in volume and internal
energy, which must be allowed for in calculations. Some studies have reported that
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strain-induced crystallisation may begin at strains as low as 200 % [61]. The theory
also under-predicts for non strain-crystallising rubbers as the breaking of crosslinks
is not accounted for.
The statistical theory provides a method for determining how rubber behaves
under different types of strain as well as the derivation of formulae to calculate the
principal stresses in terms of strain. The derivation of stress and strain is given here
in brief along with the equations that relate strain energy, rigidity modulus and
stretch ratio.
The mechanical response of elastomers can be described in terms of principal
stretch ratios, λ [62]. The principal stretch ratio is the ratio of the deformed length to
the original length in the direction of applied force. Elastomers are generally
considered to be incompressible at low strains although in reality they can be
compressed by small amounts (for example, 515 x 10-12 Pa in the case of NR [63]).
For a unit cube subjected to a homogenous strain, the extensions ratios in each
mutually perpendicular direction are given by λ1, λ2 and λ3.

Figure 3-1 Stresses and extension ratios on a unit cube (Treloar [62])

Assuming constant volume deformation:
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Eqn. 3-1

Each stretch ratio can be determined from the other two ratios:
Eqn. 3-2

Treloar showed that the work of deformation (free energy per unit volume of the
rubber sample, also called the strain-energy function), W is given by:
Eqn. 3-3

where G = the elastic constant, which is equivalent to the shear modulus of the
rubber and given by:

Eqn. 3-4 [62]

where N = the number of chains per unit volume of rubber, k = the bulk modulus of
the rubber, T = absolute temperature, ρ= the density of the rubber, R = the gas
constant per mole and Mc = the average chain molecular weight.
The nominal stresses (forces per unit unstrained area) on the cube are
denoted σ1, σ2 and σ3; the true stresses (forces per unit strained area) are denoted by
t1, t2 and t3. If a force, σ1 acts on the area λ2λ3 the true stress is given by:

Eqn. 3-5

Biaxial extension is kinematically equivalent to uniaxial compression. If λ1 is the
strain ratio in the direction on the sample thickness, then:
Eqn. 3-6

Treloar’s experimental results corresponded to the theory up to strains of 200 %
before stresses increased more rapidly than those predicted by theory.
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3.1.3 Modifications to the theory
Mooney offered a semi-empirical formula (Eqn. 3-7) to resolve the disparities
between material behaviour and the statistical theory [64].
Eqn. 3-7

Mooney’s expression for strain energy in simple extension or uniaxial compression
is:
Eqn. 3-8

where C1 and C2 are empirical constants.
Mooney’s approach was further developed by Rivlin [65] who introduced the
concept of three strain invariants:
Eqn. 3-9

Eqn. 3-10

Eqn. 3-11

which leads to the strain-energy function being written as the sum of a series of
terms:
Eqn. 3-12

If 1 and 0 are substituted for i and j respectively:
Eqn. 3-13

and

Eqn. 3-14

The combination of these two terms result in a modified version of the Mooney
equation given as Eqn. 3-8:
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Eqn. 3-15

However, the approach did not explain the disparity between empirical
results from theoretical predictions given by the statistical theory, possibly because
there are so many contributing factors to be taken into account. Non-Gaussian chain
statistics, internal energy effects, chain entanglements, irreversible effects and nonrandom packing effects may all be reasons for the deviation from theory. The
formulae are quite complex as they employ the three simplest even-powered strain
invariants and there is no factual basis for choosing these invariants in preference to
others. Hence, formulae were advanced that did not rely on strain invariants.
Ogden’s formulation uses the principal stretch ratios instead of strain
invariants which is a simpler concept and the ratios can be measured directly [62], a
stretch ratio being given by engineering strain in a given direction plus one (Eqn.
3.16):
Eqn. 3-16

In Ogden’s formulation for equi-biaxial extension, where t1 = 0 and t2 = t3:

Eqn. 3-17

Eqn. 3-18

3.1.4 Shear modulus, G
It has already been stated that the elastic constant G, used in Eqn. 3-3, is equivalent
to the shear modulus of the material. This parameter is significant because it defines
the material’s rigidity and is thus commonly used as a measure of physical property
changes in MREs. Shear modulus describes a material’s resistance to shear forces.
The elastic (Young’s) modulus, bulk modulus, Poisson’s ratio and material hardness
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are all related to the shear modulus and to each other by established formulae;
knowing the value of one property allows additional physical properties of the
material to be determined.
The complex shear modulus, G* is comprised of two parts: the shear storage
modulus, G’, and the loss modulus, G”. The loss angle (loss factor) is the ratio
between the loss modulus (imaginary part) and storage modulus (real part) and is
expressed as tan δ = G’’/G’. In vibration damping or isolation, tan δ and G’’ can be
used to describe the efficiency of damping inherent in the material. [12].
The theories that describe the behaviour of homogenous rubber materials are
one consideration that should be kept in mind. All of the fabrication and test methods
employed in this work have been conducted with parameters refined for
investigating elastomers. The next question is what can be expected when magnetic
filler particles are incorporated into a carrier medium.

3.2 Models of magnetic fluids
To describe MREs, it is useful to begin with a study of theories developed to
describe ferrofluids such as those filled with magnetite (Fe3O4). Commercial
ferrofluids contain particles of approximately 10 nm in diameter. These particles are
ferromagnetic, have an inverse spinell structure, contain a single magnetic domain
and a total magnetic moment, M = 2x10-19 [66].

3.2.2 Viscous properties (in the absence of a magnetic field)
A formula to calculate the viscosity of a dilute suspension of non-interacting
particles is given by
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Eqn. 3-19

where η0 = the viscosity of the suspension, ηc = viscosity of the carrier liquid and φ
= volume fraction of particles [66].

This holds for suspensions of low volume fractions but when a critical volume
fraction is exceeded, φc > 0.27 for nanoparticles, the theory is no longer valid. If the
particles cluster, the critical volume fraction, φc can be greatly reduced. So
nanoparticles contribute to the viscosity of the carrier fluid, but if they aggregate
they must go from being dispersed throughout the fluid to clustering together. This
means that there would be fewer nanoparticles dispersed throughout the medium and
the viscosity of the fluid would be reduced.
The CIP employed in this work contains particles which are much larger than
the nanoparticles commonly employed in ferrofluids and described in the work of
Steinke [30] and are approximately twice as dense as Steinke’s nanoparticles (over
7 g/cm³ compared with a density of 3.6 g/cm³ for the nanoparticles). A volume
fraction of 27 % CIP which equates to 400 phr would be equivalent to approximately
320 phr of nanoparticles. A fluid filled with CIP would be less viscous than one
containing the same volume fraction of nanoparticles. The rate of sedimentation
would also be much faster in the fluid with CIP which would soon settle at the
bottom of a container reducing the viscosity of the medium further.

3.2.3 Viscous properties when a magnetic field is applied
Odenbach [66] discussed the rotational viscosity (field-dependent part of viscous
friction) in a ferrofluid and concluded that the rotation of magnetic units was
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hindered by the magnetic field and that inter-particle interaction affected the
viscosity of the fluid. If a strong magnetic field is applied the particles may align to
form chains. Odenbach derived an equation (Eqn. 3-20) to describe the force holding
a particle chain together (assuming that the chain would break in the centre and that
the force holding it together is the magnetic interaction force between two particles
in the centre of the chain as in Figure 3-2):

Figure 3-2 A particle chain (Odenbach [66])

Eqn. 3-20

where s = the depth of a layer of surfactant on the particle surface.

Surfactants are often present in commercial ferrofluids. The viscous force required to
break the chain is given by:
Eqn. 3-21
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When the viscous force equals the magnetic interaction holding the chain together,
the chain will fail. This led to a formula providing the maximum number of particles
that could be present in a chain:
Eqn. 3-22

As the shear is increased, the maximum number of particles that may be present in a
chain is reduced. Magnetoviscosity and its changes as shear rate or magnetic field
are increased, is largely dependent on the large particles in a ferrofluid or
agglomerates of particles and their ability to form chains. Odenbach showed that the
size of particles in a ferrofluid exerted a greater influence on the changes in viscosity
than the volume fraction of particles. It had already been stated by Kodama [67],
Odenbach [66] and Charles [68] that larger particles are likely to possess more
magnetic domains than small particles. If the clusters of particles become quite large
do they behave as one large unit possessing a number of magnetic domains?
Odenbach proposed a bidisperse model to describe the microstructure of a
ferromagnetic fluid. The concept considers a fluid consisting of two sorts of
particles, one larger (16 nm in diameter) than the other (10 nm in diameter) and
having a lower volume fraction than the smaller particles. The large particles interact
with each other to form straight rigid chains. Any interaction between the smaller
particles themselves or between smaller and larger particles was neglected as it
would not contribute significantly to the increase in viscosity of the fluid. The theory
assumes that the interaction takes place only between neighbouring particles in a
chain and neglects any interaction between particles in neighbouring chains. The
interaction between the large particles and the resulting chains dominates the
magneto-viscous behaviour of the fluid, increasing viscosity. As shear is increased to
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the point where the chains fail, viscosity is reduced. This is important because it
highlights the limiting factor of shear - significant changes to the viscosity of a fluid
are only possible at low shear rates.
Odenbach’s investigation concerned ferromagnetic nanoparticles in very
dilute solutions (>7 vol.%). The MR effects of ferrofluids tend to be very small
because magnetic attraction is dominated by Brownian motion [69]. Nanoparticles
always possess a magnetic dipole even in the absence of an external magnetic field
[68]. MRFs usually contain 10–40 vol.% soft magnetic micron-sized iron particles
[66] which are about three orders of magnitude larger than the nanoparticles
discussed in ferrofluid theories. In the absence of an external applied magnetic field
micron-sized particles have no overall magnetic moment but they attain large
magnetic moments when a field is applied and the interactions between particles
cause them to align into chains [68]. This suggests that alignment of nanoparticles
into chains is unlikely. The works of Wagner et al. [70, 71] show that this is not
necessarily the case. Nanoparticles can be aligned. The results of Steinke’s
experiments with magnetite exhibited clearly an increase in the relative shear storage
modulus, (ΔG’ / G0) which was greater for specimens vulcanised in the presence of a
magnetic field than for the same compound vulcanised in the absence of a field [30].
Considering these points with a view to applying them to microparticles
introduces a number of changes to the theories Odenbach described. The first major
difference is that each particle can be expected to possess a number of magnetic
domains, which are free to rotate inside the particle. The magnetic moment depends
not only on the particle volume but also the susceptibility of the particle material to
magnetisation. The initial (zero-field) susceptibility is not necessarily that much
higher than the nanoparticles of the ferrofluid but increases greatly with the
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application of a magnetic field, even at very low magnetic flux densities. If an
external magnetic field strong enough for Brownian motion to be overcome, the
magnetic particles align in chains to minimise their magnetostatic energy. However,
the large particles also show lateral attraction between neighbouring chains which
tends to increase as volume fraction of particles is increased. Jolly et al. [10]
observed particle orientation in an MRF taking place within milliseconds but noted
that the duration was extended as the viscosity of the carrier fluid was increased and
reduced if the volume fraction of particles was decreased.
A second difference comes from the magnetic softness of the iron particles
which are not magnetised permanently and contain little or no remanence. In the
absence of a magnetic field, interaction between particles drops to zero. These two
disparities allow MRFs to exhibit much larger changes in magneto-viscosity than is
possible for the ferrofluids filled with nanoparticles.
Having obtained an overview of the factors controlling the reorientation of
magnetic particles in a fluid, it is time to consider the behaviour of magnetic
particles in an elastomer matrix. Uncured elastomers can be thought of as very
viscous liquids. Again we are concerned with the question raised by Odenbach: the
strength of an MRE, in this case, the shear strength, depends on the force holding a
particle chain together versus the force required to break the chain. However, as
much research on MREs has focussed on CIP as the magnetic filler material, the
theory describing the behaviour of micron-sized particles must be considered.

3.3 Models of MRE behaviour
Jolly et al. [10] developed a model to calculate the interaction energy between the
micron-sized particles in a chain in an elastomer matrix and the energy per unit
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volume of the composite. The variant of the model presented in this text was derived
by Alshuth et al. [23] from Jolly’s model. As the model is quasi-static, the dynamic
effects of the magnetic field and the inertial and rate-dependant effects of the
particles are ignored.

3.3.2 Derivation
Consider two adjacent particles in a chain in the presence of an external magnetic
field (Figure 3-3):

Figure 3-3 Diagram of adjacent particles in a chain (Alshuth et al. [23])

The interaction energy, E12, between two dipoles of the same strength and direction,
m1 and m2, is given by:
Eqn. 3-23 [72]

where E = interaction energy, m = magnetic dipole moment, µr = relative
permeability of the particle and µ0 = relative permeability of the free space.

If the magnetic moments are equal, basic trigonometric identities can be used to
simplify Eqn. 3-14 to:
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Eqn. 3-24 [10]

and consequently:

Eqn. 3-25 [23]

Assuming the particles are spherical and multiplying by the fraction of particles in
the composite, the interaction energy for the sample, UD, can be calculated using:
Eqn. 3-26

which can be written thus:
Eqn. 3-27

which simplifies to:
Eqn. 3-28

The energy density (energy per unit volume) is given by:
Eqn. 3-29

where, φ = volume faction of particles, γ = (Δx/h) and d = particle diameter.

The shear strength can be obtained from the first derivative of the energy density
with respect to strain, giving:
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Eqn. 3-30

The induced magnetic polarisation of the particles is given by:
Eqn. 3-31

where Vp = volume of one particle.

Substituting this into equation 3-30 gives:

Eqn. 3-32

Eqn. 3-32 shows that, as with the theory derived by Odenbach [66], both particle size
and magnetisation saturation are important factors in the change in shear modulus
that can be achieved: a larger particle diameter leads to a larger increase in shear
modulus of the composite when an external magnetic field is applied. Shear stress, G
is given by:

Eqn. 3-33

Jolly et al. [10] compared the theoretical prediction with experimental results from
testing composites of polydimethylsiloxane and varying amounts of iron particles.
The model accurately predicted the maximum change in shear modulus, G, in
specimens with 30 % volume fraction iron particles, but overestimated the shear
modulus at lower particle loadings.
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Jolly et al. also calculated the yield stress of the particle chains and compared the
result to published experimental outcomes for MR fluids and to their own
experimental results obtained from double lap shear tests on MREs. A correction
factor, k, (which must be adjusted to fit the model for the material to be tested) was
included. This revised model seemed to correlate well with the published MRF
results. The correction factor, k, was found to be more sensitive when used in MREs
than in MRFs. This was attributed to variations in the particle network structure
arising from the variations in mobility of the particles. The experimental strain
achieved before yielding, was significantly lower than the predicted theoretical
strain. They concluded that most of the strain and ultimate yielding of a chain occurs
between a single pair of particles or even a few pairs of particles. Jolly et al.
concluded that the model predicted the yield strain at a local level, but over the
whole chain, the average strain was much smaller. They believed this was due to
non-uniformity in the chains. Even so, the yield strains achieved were higher than in
MRFs [10].
Davis [31] began with the constitutive equations describing rubber which
were derived by Treloar and Ogden and Guth’s equation for the shear modulus of
rubber reinforced with rigid particles. Davis formulated an expression to describe the
behaviour of MREs. Finite Element Analyses (FEA) was used to model and
determine shear stress as a function of strain. The results obtained were close to
those of Jolly et al. [10].
Most models of MREs behaviour are based on the magnetic dipole
interactions between neighbouring particles in a single columnar chain [73]. These
models assume that the particles chains are analogous to a perfect string of pearls but
this is not the case. The chains tend to be uneven with clusters of a few particles in
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some parts (see Figure 1-5). Zhang et al. [73] considered a portion of an MRE
consisting of a matrix filled with particle chains and based their model to predict
field-dependent modulus on the effective permeability of an MRE. The
nomenclature used by Zhang et al. is altered slightly here so that it is consistent with
the terms used above: shear strain is denoted ‘γ’ instead of ‘ε’ as in the work of
Zhang et al. and the distance between particles centres is given by ‘h’ and not ‘d’.
This model began with the Maxwell Garnett mixing rule [74, 75] for spherical
inclusion in a mixture and draws on the work of Davis [31] to express shear stress of
an MRE as:

Eqn. 3-34

Where R is the particle radius, shear strain γ = x/h as shown in Figure 3-3, x being
the distance that the particle centre moves in the deformed chain.

Figure 3-4 Particle chains in sheared a sheared MRE [73]
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The shear modulus then is given by:
Eqn. 3-35

As γ << 1, µp >> µm and (R/h) is approximately equals ½, the equation simplifies to:
"

Eqn. 3-36

This results in a value for shear modulus that differs from Eqn. 3-27 derived by Jolly
et al. [10]. Neither the particle diameters, material nor size of the gaps between
particles are directly referenced in Eqn. 3-27 but these factors do influence the value
of H.
While searching for methods to improve the stability of MRFs and to reduce
sedimentation, some authors have observed a higher yield stress in MRFs composed
of micron-sized particles in a ferrofluid matrix than in MRFs where the carrier
medium is non-magnetic. Other researchers found that a compromise must be made
when replacing micron-sized particles with nanoparticles. A small quantity of
nanoparticles (up to approximately 20 % weight) led to a reduction in the rate of
sedimentation and an increase in the MR effects [76]. Lopéz-Lopéz et al. [77]
studied the behavior of iron micro particles in a ferrofluid containing magnetite and
proposed that there are two competing factors at work: the interaction between
magnetic dipoles (micron-sized particles) which is proportional to the relative
permeability of the fluid and would lead to an increase in the yield stress of the
MRE. However, they propose that increasing the relative permeability of the
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suspension would decrease the average magnetic field strength in the suspension and
lead to a reduction in the yield stress of MRF. The question then was which of these
effects would dominate. When Lopéz-Lopéz et al. compared their experimental and
simulated results with the values of yield stress given by the chain model of Bossis
[69] they found that the model did not describe their results: at low micron-sized iron
content (10 %) the theory overestimated the values of the yield stress whereas at
high iron content (> 30 %) the simulation underestimated yield stress. Between 10 %
and 31 % iron particle content the chain model predicted a three-fold increase of
yield stress but experimentally Lopéz-Lopéz et al. observed a ten-fold increase. They
observed the formation of iron–magnetite structures that prevented irreversible
aggregation between iron particles and an increase of yield stress. They concluded
that either the ferrofluid strengthens the structure by forming magnetite bridges or
decreases the number of defects in chain structures.
Lopéz-Lopéz et al. suggested that the ferrofluid might act as a surfactant in
the MRF. Without nanoparticles the micron-sized iron particles would form
aggregates due to magnetic interaction resulting from remanent magnetisation and
Van der Waals interaction hindering the formation of particle chains in the presence
of a magnetic field thus reducing the MR effect. Of course if the particles are of very
pure iron such as carbonyl iron, remanent magnetisation would be very low and the
alignment into chains would occur easily. The authors suggested that in the
ferrofluid with nanoparticles, irreversible aggregation is prevented allowing the
formation of particle chains in the presence of a magnetic field leading to an increase
in MR effect.
Viota et al. [78] also mention two competing processes contributing to the
rate of sedimentation. While the nanoparticles were homogenously dispersed

54"

C04837487
throughout the fluid, the viscosity and density of the fluid were high. This kept the
micro particles from settling. Over time, the second process - the formation of clouds
of ferrofluid around the micron-sized particles (halo effect) by magnetic and van der
Waals attraction was observed. This hindered flocculation and the aggregates grew
taking nanoparticles from the carrier fluid until a critical weight was reached and the
clusters began to settle. The viscosity of the carrier fluid was reduced as fewer
nanoparticles remained dispersed through the medium and the rate of sedimentation
increased.
As Lopéz-Lopéz et al. [79] continued their research and concluded that in
ferrofluids, the magnetic interaction between microparticles may become repulsive
when the particles are approximately one microparticle diameter apart. The region of
the ferrofluid between two neighbouring tended to elongate in order to decrease the
demagnetising field thus generating a repulsive force and acted as a magnetic barrier
to keep the micron-sized particles apart even as an external magnetic field was
applied. This led to a reduction in MR effect of the MRFs.
Zhang et al. [73] proposed coating the CIP with a shell of polymer gel filled
with 27 %vol. nanoparticles so that when the MRE was deformed, the spaces opened
between CIP would be filled with magnetic NPs and polymer gel. The magnetic
permeability which would be decreased by the opening voids between the microsized magnetic particles should be increased by the presence of magnetic NPs. The
volume fraction of particles (both micron and nano-sized) in a columnar chain is
given by:
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Eqn. 3-37

The shear modulus is given by:

Eqn. 3-38

which simplifies to:
Eqn. 3-39

Magnetic saturation of the particles can be taken into account and µp replaced by
µp(H) which can be measured experimentally.
Eqn. 3-40

In theory the nanoparticle shell increases the field-dependent modulus leaving the
zero-field modulus almost unchanged. Simulated results confirmed this theory but no
empirical results were obtained.
Lopez-Lopez et al. [77] experimented with micron-sized particles immersed in
a ferrofluid which contained nanoparticles. When the micron-sized particles became
close enough (with approximately one particle diameter between them) the magnetic
dipolar force between them became repulsive. Larger nanoparticles had a higher
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contribution to this repulsive force, which resulted in a reduction in MR properties in
both steady state and oscillatory regimes.
In MREs, the questions raised by all of these theories must be brought
together: the magnetic interactions between filler particles, nano or micron-sized, or
a mixture of both, how they orient themselves in a viscous rubber melt matrix and
how they deform that matrix in the cured elastomer composite.

3.4 Summary of Chapter 3
This chapter began with the development of theories to describe the behaviour of
rubber materials and mentions some of the most significant hypotheses. Attention
was drawn to shear modulus because it will be the parameter used to quantify the
performance of the MREs investigated in Chapter 5.
The focus then shifted to models describing the behaviour of MRFs as a
precursor to the application of the theory to MREs. This presented some marked
differences as cured MREs are solid and cannot be compared with a liquid, the
magnetic particles in MRFs are often nano-scale but as will be seen in Chapter 5,
micron-sized particles lead to a greater MR effect in MREs.
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Chapter 4
4 MATERIALS AND METHODS
4.1 Choice of particles
Rheometric tests to identify suitable particles were conducted using MRFs. This was
quicker and more economical than first considering the rubber matrix. Initial tests
were carried out with a variety of commercially available particle types in oil.
Slurries of magnetic particles in medical white oil were sheared in a plate-plate
rheometer in the presence of a magnetic field as described in Section 4.6.1 and in
Appendix C2. The particles were not fixed in position and were free to align into
chains easily when a current was switched on and a magnetic field applied. The
potential increase in storage modulus G’ and required volume of particles for each
particle type tested was obtained from these tests using the oil medium. Details of
these MRF tests are given in Section 5.1.2 in the next chapter. A variety of particle
types and loadings were compared. Some were purchased as powders and others
were manufactured at DIK (see Table 4-1).
Similar tests were later conducted with a solid silicone rubber matrix in
Series S. Room temperature vulcanising (RTV) Silicone was poured as a liquid into
a mould and left to harden. It did not require vulcanisation with sulphur. Specimens
were cured both in the presence and in the absence of an external magnetic field. A
comparison of the increase in shear modulus for some samples can be seen in
Chapter 5, Figure5-6.
According to the theory in Chapter 3, large particles should exhibit a greater
MR effect than small particles (Eqn. 3-32). The higher the magnetisation saturation,
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the greater the potential increase in modulus. The first task was to identify particles
of an appropriate size with a relatively high magnetic saturation.

4.2 Hard and soft magnetic materials
The particles may be either hard or soft magnetic materials. Hard magnetic materials
exhibit low magnetic susceptibility and permeability and high coercivity and
remanence: they are not easily de-magnetised when the magnetic field is switched
off. For this reason the magnetisation curves they produce show wide hysteresis
loops (see Figure 4-1). Hard magnetic materials are used in permanent magnets. The
strontium ferrite particles used in this study are of the hard magnetic type. Soft
magnetic materials, such as the carbonyl iron used in the MREs in this research,
exhibit high magnetic susceptibility and permeability but low coercivity and
remanence. When the external magnetic field is switched off they lose their
magnetisation relatively quickly. Their magnetisation curves exhibit little hysteresis.

Table 4-1 Particle Types investigated
Particle type
Carbonyl iron (several grades)
Permalloy
Strontium ferrite
Strontium ferrite
Fe3O4
Magnetite Fe

Diameter
50 µm
48.00 µm
45.00 µm
0.85 µm
10 - 30 nm
6 - 30 nm
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Source
Purchased from BASF
Purchased from Goodfellow
Purchased from Magnetiy
Purchased from Unimagnet
Manufactured at DIK
Manufactured at DIK

C04837487

4.3 Particle manufacture
Nano particles were synthesised from their metallic salts in a bottom-up6 process. A
description of the procedure can be found in Appendix A. The particles were milled
to reduce the size of any agglomerates that had formed. SEM imaging was carried
out to check the size of the particles produced and that these particles were
approximately spherical.

Figure 4-1 An example of a magnetisation curve for a magnet [80, 81]

4.4 Modification of particles
The particles must mix well with the matrix. Many rubbers are non-polar and
hydrophobic, but the filler particles may be polar: the electrons in a molecule may
not be shared equally, but are often drawn towards one atom. The ability of an atom
to attract electrons is termed ‘negativity’. Covalent bonds between two atoms are
6

Nano-particles were synthesised from atoms and molecules of material, rather than by breaking

down material into smaller parts (top-down)
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non-polar if the difference between their negativities is zero, polar if the difference
in negativities is between zero and two and highly polar, called ionic, if the
difference in negativities is greater than two. The polarity of the materials affects
their miscibility with each other. The unmodified surfaces of the highly polar
magnetite (Fe3O4) particles which were used as the magnetic filler in the work of
Steinke [30], contained OH groups with a greater negativity towards the oxygen
atoms, as the electrons were drawn towards them. In this case the bond was ionic and
the oxygen atoms took electrons from the other atoms. Without surface treatment,
the polar particles would not have mixed well with non-polar natural rubber matrices
and a homogenous dispersion would not have been achieved.
Functionalisation with silane Si208 caused a chemical reaction that changed
the outer surface of the particles interfacing with the rubber matrix so that they
became non-polar (see Figure 4-2).

Figure 4-2 Functionalisation of magnetite nano particle with silane

The carbonyl iron used in Series E were already coated with silicon dioxide (SiO2)
but further surface modification was carried out by silanisation with Si69. The iron
itself will not react with the silane. In order for the reaction to occur, the particles
must be encapsulated in an SiO2 shell. Si69 is a bifunctional, sulphur-containing
organosilane which is often used along with white rubber fillers such as silica [82].
The term "bifunctional" refers to the first function, which is the silane's ability to
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react with the silica, that in itself consists of two reactions and a second function
which is the ability of the silane to react with rubber. Si69 reacts with SiO2 to form
covalent bonds. Consider the two reactions referred to in the first function and
illustrated in Figure 4-3: the primary reaction occurs between the OH groups on the
surface of the particle (coated with SiO2) and the ethoxy groups of the silane. The
secondary reaction is between the ethoxy groups in the silane itself, which react with
each other and form chains. This secondary reaction is a complication that does not
aid the process. It is also more rapid that the primary reaction. A description of the
process can be found in Appendix A2.
.

Figure 4-3 The primary and secondary reactions of silanisation with Si69 [83]

4.5 Matrix materials
Silicone rubber is easy to prepare as it does not require vulcanisation. For initial
MRE testing it was a quick and simple option to use as a matrix material. The first
batch of silicone rubber MRE samples (Series S) was prepared without a magnetic
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field applied to them. Hence the samples had an isotropic structure. These samples
were compared with samples placed between a magnet and a steel plate during the
curing process so that their particles were aligned into chains before cure was
complete and hence had anisotropic structures.
Another set of anisotropic samples consisted of carbonyl iron powder in a
natural rubber matrix (part of Series A). Natural rubber is a more realistic choice of
matrix as its properties are more suited to the applications suggested in Section 1.7.
These samples were cured in a mould that was held in a C-shaped clamp, as depicted
in Figure 4-4. A coil induced a current to flow through the clamp, so that the
material was in a magnetic field of 0.6 T while it was cured under pressure in a
press.

Figure 4-4 Schematic of electromagnet used during vulcanisation [23]

4.5.1 Series S
A series of MREs with a silicon rubber matrix was fabricated by adding mixing
particles into a two-component silicon rubber, Elastosil® RT 604 purchased from
Wacker. A data sheet can be found in Appendix E. This series followed on from the
MRF tests, investigating the switching effects obtained when different types of
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magnetic powders were incorporated into a silicon matrix. The volume fractions of
magnetic filler varied according to particle size and surface area.

4.5.2 Series A
Series A had a natural rubber matrix filled with 400 phr of with spherical microsized (2–5.5 µm) carbonyl iron particles (BASF Grade SM). This series of four
samples consisted of NR with two different concentrations of carbon black (5 phr
and 30 phr), half of which contained added softener. The difference between each of
the sample materials in Series A was the matrix viscosity. This series was fabricated
to investigate the effect that viscosity had on the switching effect. The four samples
were vulcanised in the presence of a magnetic field of 0.6 T. Another set of samples
of the same material was vulcanised without a magnetic field for comparison with
the directionalised samples. A conventional NR recipe which contained no magnetic
fillers was prepared for comparison of tensile properties.

4.5.3 Series D
It is known from Boczkowska's [25] experiments that the microstructure of MREs is
dependent on the ability of the particles to align into chains which in turn is affected
by the matrix viscosity and the magnetic field strength. Series D was produced in
order to investigate vulcanisation conditions of NR MREs and to identify an
alternative method of improving particle alignment. It was thought that if the
particles had more time to align before the matrix began to cure that the chains
formed might exhibit greater uniformity. Series D consisted of four samples: a base
sample of the same CIP ‘SM’ magnetic particles as in Series A incorporated into an
NR matrix, a sample with added softener to reduce matrix viscosity, a sample with
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added retardant to slow vulcanisation of the rubber and a reference sample which
contained no ferromagnetic particles. The CIP content was reduced from 400 phr to
200 phr, simple for economic reasons. This meant that the vol.% of CIP was reduced
to approximately 16 %.

4.5.4 Series E
An NR mixture was filled with 400 phr of carbonyl iron Grade 'CC' from BASF.
This recipe was compounded to compare with material A2. The recipe was similar,
but contained a small amount of retardant to increase incubation time. It also
contained a different grade of magnetic powder, which was similar to grade ‘SM’
used in Series A and D in terms of material, size and shape, but which had a coating
of SiO2 on the particle surface. The samples in Series E were modified with Si69 to
improve dispersion throughout the matrix and to enhance the bond between particles
and matrix. Although initial experimentation suggested that the silanisation led to a
slightly lower MR effect in MREs, it was assumed that samples fabricated from the
unsilanised powder would exhibit similar results, if all other ingredients and
parameters were kept constant. It was hoped that the combined effects of increased
incubation time from the addition of retardant and improved dispersion and
enhanced particle-matrix bond would improve the MR effect observed. The MREs
fabricated from this mixture were vulcanised using the "cool press" method. This
sample is designated "sample E5" and is discussed along with the other silanised
samples in Series E.
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4.5.5 Series F
The recipe for the material D5 was used for the material F with two changes: a new
product from BASF's carbonyl iron powder range, the grade 'SW-S' which is of
similar size to grades ‘SM’ and ‘CC’ but is coated with an unspecified fatty acid,
was used as the magnetic filler. No further information was available on this product
but a high switching effect was expected. The fatty acid coating might also be
conducive to silanisation. The quantity of CIP was increased to 400 phr
(approximately 27 vol.%) so the material could be compared with series A. The
second change was a reduction in the amount of softener to 10 phr. This was because
of the secondary effect of retardant, which was also in the recipe, and reduced matrix
viscosity.

4.5.6 Series G
Series G was different because it was based on an EPDM blend as a matrix material
which is a synthetic rubber that does not strain-crystallise. EPDM is often used in
industry because it is resistant to aging, so it is a natural progression to experiment
with EPDM-based MREs. CIP grade ‘SW-S’ was used as the magnetic filler in these
materials. The three recipes are quite varied. G1 contained a polymer of low
molecular weight with 400 phr CIP. In materials G2 and G3, this was substituted
with a polymer of high molecular weight. This increased tensile properties, but
changed the viscosity of the blend.

4.5.7 Polyurethane Samples
Specimens with a polyurethane matrix consisting of 70 % HF 505 and 30 % 14922
with 11.5 % carbonyl iron particles were obtained. The particle size was 6-9 µm. The
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magnetic field applied during curing was 300 mT. These specimens had a very soft
matrix, which allowed the particles to arrange themselves into chains easily during
curing.

4.6 Test methods
There are a number of standards that detail preparation of specimens and procedures
that should be adhered to when testing elastomers. There were no standards for
testing of MREs at the time of writing. Wherever possible, standard procedures for
the testing of conventional rubber materials were followed.
Rubber hardness was determined using a Shore-A durometer or an IHRD-M
(type BS 06) in accordance with international standard ISO 7619-1986 (E) [84]. This
method uses an indenter to penetrate the rubber samples and relates the depth of
indentation to the hardness of the material.

4.6.1 Rheometry
As no standard method of testing MREs existed at the time of writing, methods and
parameters were chosen based on the procedures describe in published literature.
Parameters for investigating MREs include comparing results in the absence and
presence of an external magnetic field in order to observe the change in material
properties. Ideally the magnetic flux density should reach the magnetic saturation of
the magnetic particles but this has not always been possible. Researchers may be
limited by the size restrictions of components, for example, the size and strength of
permanent magnets available for experiments or the number of turns on a coil of
copper wire in an electromagnet. The end use of the material must also be
considered: a component to be used in a prosthetic limb must operate within a
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magnetic field that is safe for the wearer and does not hinder him or her by its
weight.
Many researchers investigating MRFs employ rheometers which are
modified to produce a magnetic field in the region of the magnetic saturation of the
test sample [24, 85]. Researchers working with MREs report improvising a magnetic
circuit for use with strained specimens [24, 86]. The strain ranges employed tend to
be small, particularly in the case of shear strain. The reasons for this will become
apparent throughout this work.
The samples investigated in this research were subjected to an oscillatory
shear strain of 0.5 % deformation, at a frequency of 10 Hz, in a plate-plate rheometer
(Anton Paar Physica MCR501). The current controlling the magnetic field was
switched on and off at intervals and was increased incrementally. The current
direction was changed to investigate the responses of hard and soft magnetic
materials. Plots of the change in shear modulus as the magnetic flux density was
raised are shown in Chapter 5, Results. The Anton Paar rheometer contains a coil so
that measurements can be taken in the presence of a magnetic field. The distance
between the shearing plates of the rheometer was observed to influence the values
obtained for the storage modulus, G’. The magnetic flux density in the empty
chamber was checked with a Teslameter and found to be 1.0 T. It was also possible
to measure the magnetic field in the chamber at the edge of a test-piece (10 mm from
the centre of the specimen) and at this point the magnetic flux density was found to
be 0.7 T.
Parameters were varied according to the information sought from each set of
tests and a number of ‘test programmes’ developed; one with some time allowed for
the particles to align, one with the current direction reversed, another switching the
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current off for short intervals during a test, to determine the increase in shear storage
modulus that could be obtained quickly and the response time of the material. A
normal force was applied to hold the rubber specimens in place, so that the friction
or lateral movement would not influence the results.
Although there are technical standards for rheometry of liquids and rubber
melts, at the time of writing, none were available for vulcanisates. Before
vulcanisation, rubber can be thought of as a highly viscous liquid: it will flow over
time, especially if heated. Once crosslinked through the process of vulcanisation, this
ability to flow is lost and rubber can only be "melted" by contact with suitable
chemicals. Although the Anton Paar rheometer can be used to test solid materials, it
must be remembered that it is most suited to liquids and soft materials. A normal
force was applied to the vulcanised rubber samples to mitigate slippage between the
plates and ensure that what was measured was the shear modulus of the materials.
However, as explained in Chapters 5 and 6, there are limitations to the range of
materials that can be tested and for which credible results can be produced.
Obtaining credible results for specimens that have a high modulus and/or do not
adhere to the plates can be beyond the rheometer's capabilities.

4.6.2 Uniaxial Testing
German standard DIN 53504:2009 [87] was complied with for tensile testing. The
standard covers the recommendations for testing of rubber including determination
of tensile strength at break, tensile stress at yield, elongation at break and stress
values in a tensile test. Testing was carried out using a Zwick 1445 Universal
Testing System with a with a 5 kN capability.
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4.6.3 Equi-biaxial testing (bubble inflation)
Cyclic inflation simulates equi-biaxial fatigue loading conditions. Traditionally
biaxial testing has been carried out with mechanical stretch frames, a method
whereby a square specimen is clamped at its edges. A tensile load is applied to the
material and it is stretched in two mutually perpendicular directions. The test is
limited by the specimen dimensions, the size of the stretch frames and the extension
ratios of which the tensile test machine is capable. It may be difficult to ensure that
the tension is equi-biaxial and the material may not be clamped evenly at the edge,
which could result in the sample tearing at the clamped edges. There are large
frictional and inertial losses associated with this test method [81].
Bubble inflation consists of inflating the sample specimen with fluid so that
its surface stretches like that of a balloon as shown in Figure 4-5. Variations in stress
distribution towards the bubble pole (centre of the specimen) are minimised. The
stress concentrations occurring in the material are less than those with mechanical
stretch frames and the effects of inertia and friction are avoided [81]. The area of
material that is clamped remains constant while the specimen is stretched and large
localised deformations can be achieved. Bubble inflation is considered to correspond
to thin shell (membrane) theory:

Eqn. 4-1

where σ = stress, p = inflation pressure, r = bubble radius and t = sample thickness

Flint and Naunton (1937) [88] found that an inflated rubber sheet took the form of an
ellipse beyond the radius of curvature. The material at the bubble pole is in equibiaxial tensile strain. Kinematically, over a small area at the pole, this loading
corresponds to simple compression [89]. The clamped edge of the rubber is
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approximately in pure shear strain. For an ideal isotropic material with an
axisymmetric set-up, the bubble contour exhibits rotational symmetry. Deformation
at the pole is equi-biaxial. Bending stiffness is assumed to be negligible. The contour
is initially hemispherical but cannot be assumed to be perfectly so. It may be
elliptical due to the clamping effects at the edges, variation in sample thickness and
non-linear material behaviour. Treloar stated that thinning will occur along the
bubble meridian and strain will increase towards the pole [62]. When a rubber sheet
is deformed into a spherical shape (inflated) either the thickness must vary over the
surface and the principal strains remain equal, or the thickness remains constant and
the principal strains are unequal. Moving outwards from the pole, the strain in the
longitudinal direction is increased while in the latitudinal direction it is decreased.
The sum of the two strains remains constant and equals the value of strain at the
pole.

Figure 4-5 Bubble inflation [90]
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Stresses towards the bubble pole gradually increase as the bubble inflates with the
highest stress occurring at the pole. The equi-biaxial test facility [27, 91] uses an
optical system to measure the surface displacement and bubble contour, which are
then used to determine local stress and strain properties at the pole. A relationship
between the bubble height and local shell stress is obtained.
Flint and Naunton (1937) [88] reported that on bursting a sample, a radial
tear would result originating at the centre and resembling a flower shape, with
‘petals’ that may be detached during the bursting process. Johannknecht, Clauss and
Jerrams (2002) describe this burst shape as a ‘cloverleaf’ pattern [90] (see Figure 46). In an uncured sample, the centre portion of the sample was removed completely
leaving no radial pattern. This was the case for the sample with the lowest tensile
strength of the specimens tested.

Figure 4-6 EPDM specimen exhibiting a petal or cloverleaf burst pattern [90]

Flint and Naunton (1937) experimented with both strain crystallising and non-strain
crystallising rubbers and concluded that crystallisation had no effect on the burst
pattern. It was suggested that a cleavage resulted from orientation of the molecules
along the lines of longitude, beginning at the weakest (thinnest) point (the bubble
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pole) and radiated outwards. Treloar [62] gave another possible theory: if a small
hole was formed near the pole, the radial tension must fall to zero at the edge of that
hole, and the rubber around the hole would be strained. The orientation of the
molecules, which was radial, would now become circumferential (latitudinal). As the
size of the hole is increased, the circumferential strain would rise until a crack opens
up at right angles to the strain and the material fails. This may occur in a few areas
with minimum distances between cracks.

4.6.4 Fatigue Testing
Dynamic fatigue was investigated in accordance with the US standard ASTM D
4482-85 [92] using an MTS 831.50 high frequency elastomer test system. This
standard covers the procedures for estimating the ability of soft rubbers to resist
dynamic fatigue. These procedures are designed to simulate the repeated distortions
to which rubber components would be subjected in service. The distortions weaken
the rubber until it loses functionality or surface cracking or rupture occurs.
The test involves straining dumbbell specimens for a number of cycles at
fixed frequencies and extension ratios (strain controlled testing). Any temperature
rise should be minimal so that it does not affect the test results. Failure occurs when
cracks initiating from a pre-existing flaw propagate and cause complete rupture of
the specimen. The number of cycles to failure (S-N or Wöhler curves) is the fatigue
life at a specific stress or strain amplitude for that specimen.
However, Busfield and Thomas (1999) suggest that for carbon-black filled
elastomers, fracture mechanics is a more reliable predictor of fatigue life than
Wöhler curves [93]. For each elastomer material, there is a crack-growth relationship
that depends on tearing energy. This relationship is a material property and is
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independent of the mode of loading or of specimen geometry [94]. Small flaws are
inherent in all rubber materials. Busfield and Thomas gathered information from
various publications on existing initial flaw sizes in a range of rubbers as part of a
study of fatigue life prediction in carbon black filled elastomers. They found that
even for well-mixed rubber materials, filled rubbers contained larger flaws (in the
form of agglomerates of filler material) than unfilled ones [93]. Lindley and Thomas
[95] stated that initial flaw size might be as large as 50 - 100 µm. Alshuth and Robin
found numerous flaws of 200 µm and some agglomerates as large as 450 µm
diameter in EPDM samples while researching lifetime prediction [96].
For most engineering materials subject to dynamic uniaxial deformation,
increasing the minimum stress (preload) and thus the mean stress, reduces the fatigue
life of the material. This is in contrast to the behaviour of some filled rubber
whereby a preload may increase fatigue life. Abraham observed that the fatigue
resistance of carbon black filled samples of EPDM and SBR, subjected to uniaxial
load amplitudes, increased when the specimens were preloaded [38]. This increase in
fatigue life was attributed to the interactions between filler particles and between the
filler and polymer, as this was not seen in the unfilled samples. He further argued
that the dynamic stored energy available to propagate a crack was often lower in preloaded samples.
Abraham found that the stiffness (and elastic modulus) of the filled materials
decreased throughout the tests. He concluded that each material had a limiting value
of elastic modulus, below which failure of the material occurred7 [38]. The values
for each material were independent of applied load amplitude and the form of the

7

76 % of the initial modulus in the case of carbon black filled EPDM, 71 % of the initial modulus in

the case of carbon black filled SBR
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cycle applied. He concluded that an increase in the minimum load reduced the crackgrowth rate in carbon black filled rubber, thus increasing the service life of the
material and hence components made from it. He offered the following possible
explanations for this: that compressive pre-loads may close voids which act as stress
raisers and tensile pre-loads may ‘smooth out’ stress concentrations, or that the
minimum stress or strain may not be as significant as the dynamic stored energy
available in each cycle, as increases in the ratio of the minimum to maximum strain
during loading and unloading reduce the energy available to propagate a crack. He
also draws attention to the findings of Lake et. al. [97] that in some non-crystallising
rubbers, filler-particle alignment or aggregates form anisotropic structures at crack
tips. Abraham's investigation shows that the fatigue behaviour of carbon black filled
non-strain crystallising rubbers cannot be described with a maximum stress or a
maximum strain criterion. It shows that an energy criterion should be considered. He
proposed that for filled rubbers, the loss in modulus could be used as an indication of
when rubber components are nearing failure.

4.6.5 Crack propagation
A Bayer-Coesfeld Tear Analyser system (which can hold 10 samples) was used for
this testing which was carried out in accordance with ASTM D813-07 [98]. Samples
(100 x 15 mm x 2 mm) were vulcanised in a mould which was shaped to allow a
suitable clamping area to be gripped by the fixtures. A small offset force of 2 N was
applied to ensure that the specimens were taut and the load was cycled under pulsed
excitation at a frequency of 10 Hz (50 s pulse duration) at room temperature. As the
samples were cyclically strained, a camera recorded changes in a single edge notch
(SEN) cut into the edges of each of the specimens.
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4.6.6 Microscopy of MREs
Scanning Electron Microscopy (SEM) (using model EVO® MA10) imaging was
carried out in order to check dispersion of particles and filler and alignment of the
particle chains. Digital light microscopy was conducted to observe cracks.
Thermogravimetric analysis (TGA), Fourier Transform Infrared spectroscopy
(FT-IR) and energy-dispersive X-ray spectroscopy (ED-X) were employed to
investigate the success of surface modification in series E.

4.7 Summary of Chapter 4
The first step in choosing suitable materials is the selection of magnetic particles to
be used as filler. There are many types of magnetic fillers available but relatively
large micron-sized, soft magnetic fillers are more conducive to increasing MR
effects than nano-sized particles containing few magnetic domains or hard magnetic
materials which may show high remanence. The issue of particle surface
modification was reiterated here.
A brief outline of the different series of sample materials was given so the
reader will gain some insight into what is included in Chapters 5 and 6. This was
followed by a description of the test methods to be employed.

76"

C04837487

Chapter 5
5 RESULTS
5.1 Choice of particles
5.1.1 Test programmes
Initial tests were conducted to determine the magnetic flux density at which
saturation occurred for each particle type and how long it took to reach saturation.
The objective was to identify the particle types that rapidly achieved the highest
changes in shear modulus, ΔG. The test procedure used was a simple programme
beginning with the current (and thus the magnetic field) switched off for 20 s and
then switched on (5 A, corresponding to a magnetic flux density of 1 T) for a period
sufficient to allow the particles to become completely saturated. As shown in Figure
5-1, when the current was switched on, the particles began to align immediately and
the shear modulus increased. In this case (400 phr of carbonyl iron particles in oil),
most of the alignment took place within a second. It then slowed but alignment
continued for about 4 s. From then on there was no significant change in modulus as
the particles were fully saturated.
The next step was to check the response of the particles to switching the
current on and off (applying and removing an external magnetic field). This was
termed the 'switching effect'. The objective was to identify which particles had the
fastest response time to the switch. There were some limitations to this test: the red
line indicating the current (and thus the magnetic flux density) was the programmed
set-point, not the true value, so it could not be used to determine the true speed of the
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particles response time to the change in magnetic flux density, or to determine the
magnitude of that magnetic flux density.

Figure 5-1 Saturation test programme suitable for testing all MREs

Figure 5-2 Switching effect test programme suitable for testing all MREs
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A third programme was developed for the investigation of hard magnetic particles.
Hard magnetic materials exhibit low magnetic susceptibility and permeability and
high coercivity and remanence. They are not easily de-magnetised when the
magnetic field is switched off. For this reason the magnetisation curves they produce
show wide hysteresis loops. Hard magnetic materials are used in permanent magnets.
A procedure where the current was reversed was employed to observe this
effect. Such a procedure can be seen in Figure 5-3. The material behaviour was
erratic - as the magnetic field was applied, the shear modulus increased. Removal of
the magnetic field led to a drop in modulus. Switching the field on again, but with
the current in the opposite direction caused the shear modulus to rise again, but this
second negative direction peak did not reach the same value as the positive peak
preceding it.

Figure 5-3 Reversing current direction test programme suitable for testing hard magnetic
MREs
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Finally these elements were included in one programme for subsequent testing. The
magnetic field was switched on after 20 s, then switched on and off at 10 s intervals,
altering the current direction. The example shown in Figure 5-4 is for soft magnetic
carbonyl iron. There was no difference between the changes in shear modulus
achieved for each current direction. This was the programme used to compare results
in the plots that appear in Chapter 5.

Figure 5-4 Combined test programme suitable for testing all MREs

5.2 Analysis of initial particle selection experiments
Rheometric testing of MRFs showed that carbonyl iron had the greatest MR effect of
the various particle types investigated. The increase in shear storage modulus for a
selection of particle types and concentrations are plotted in Figure 5-5 and listed in
Table 5-1. It is the difference between the troughs (when the current and thus the
magnetic field is switched off) and the peaks, when the current and magnetic field
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are at their highest level and magnetic saturation of the particles is achieved that is of
most interest here. A large difference between the values of shear storage modulus,
G’, indicates a significant ‘switching effect’ or potential to alter the modulus of the
sample by altering the magnetic flux density. Figures 5-6 and 5-7, which illustrate
the switching effects of a variety of magnetic particle types from several producers
and a variety of CIP grades produced by BASF respectively give the results of a
more comprehensive test regime.
The same slurry of CIP in oil was subjected to a number of Rheometric tests.
Each test was conducted with a different gap distance between the plates of the
rheometer. Figure 5-8 shows that as the gap was increased, the switching effect was
increased. Figure 5-9 compares the switching effect of unvulcanised NR melts which
contained different grades of the CIP from BASF.

Figure 5-5 Comparison of various particle types and loadings

81"

C04837487
Table 5-1 Summary of MRFs results plotted in Figure 5-5
Sample
BASF’SQ’
Magsilica
S 2 (M)
Magnaquench

Loading
(g)
1:4
2:1
1:2
1:4

Composition
CIP
Fe2O3, SiO2 coating
SrFe12O19 (Type 2)
Nd, Pr, B, Co, Fe, Cu, Ti, Zr

Particle
diameter
5 µm
20 nm
85 nm
0.85

ΔG
(MPa)
0.675
0.0005
0.230
0.457

ΔG/ G0
(%)
67.5
0,05
23.0
45.7

Figure 5-6 Highest values of G’ measured for slurries subjected to torsional strains in the
presence of a magnetic field.

Figure 5-7 Summary of the switching effect of slurries of several grades of CIP from BASF (4:1)
[99]
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Figure 5-8 The effect of increasing the size of the gap between plates of the rheometer

Figure 5-9 Summary of the switching effect of melts filled with CIP from BASF (400 phr in NR
CV50) [100]
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5.3 Test and analysis of Series S (silicon rubber matrix)
The particle types investigated in the MRF testing, along with some extra sorts, were
incorporated into a series of specimens with a silicone rubber matrix and properties
were compared. There were two batches of such samples: one cured in a magnetic
field, one cured in the absence of a magnetic field. These batches were then
subjected to rheometric shear tests as before. The composition of each sample and
test results can be seen in Table 5-2 and a graphical comparison is shown in Figure
5-10.

Table 5-2 Summary of results of rheometric testing of the silicone rubber series
Sample
S1 (M)
S1
S2 (M)
S2
S3 (M)
S3
S4 (M)
S4
S5 (M)
S5

Particle
loading
(phr)
100
100
100
100
400
400
400
400
400
400

Composition
SrFe12O19 (Type 1)
SrFe12O19 (Type 2)
Carbonyl iron SM
Permalloy
(Ni, Fe, Cu, Mo)
Magnaquench (Nd, Pr, B,
Co, Fe, Cu, Ti, Zr)

Particle
diameter
(µm)
45
45
0.85
0.85
5
5
48
48
250
250

G0
(MPa)

G1
(MPa)

ΔG
(MPa)

ΔG/ G0
(%)

0.85
0.47
0.40
0.25
0.84
0.78
0.69
0.25
0.36
0.33

0.89
0.49
0.44
0.27
1.50
1.02
0.78
0.26
0.37
0.34

0.04
0.02
0.04
0.02
0.67
0.25
0.09
0.01
0.01
0.01

4.7
4.3
10.0
8.0
79.6
31.6
12.3
4.0
2.8
3.0

The curves show a rapid initial increase in shear storage modulus - most of the
alignment was achieved almost instantaneously, then the increase slowed but the
modulus continued to rise for the duration of the magnetic field ‘on’ stage. This is
evident in the curve of each peak that terminates in an abrupt drop as the field is
switched off. Notice that as the particles approached saturation magnetisation around
300 s and 0.8 T, the curves of each peak flattened to a plateau.
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Figure 5-10 Comparison of the MR performance of various particle types in an SR matrix

5.4 Test and analyses of Series A (influence of viscosity)
5.4.1 Rheometric testing of Series A
The vulcanised samples were subjected to an oscillatory shear strain in a plate-plate
rheometer (Anton Paar Physica MCR501). The plots of the change in shear modulus
as the magnetic flux density was raised (for the samples cured with and without a
magnetic field) are shown in Figures 5-11 to 5-14. The variations and results are
shown in Table 5-3 below.

Table 5-3 Summary of results of rheometric testing of Series A
Sample

CIP
(vol.%)

CB
(phr)

Softener
(phr)

Hardness
(IRHD)

G0
(MPa)

G1
(MPa)

ΔG
(MPa)

A1 (M)
A1
A 2 (M)
A2
A 3 (M)
A3
A 4 (M)
A4

28
28
22
22
25
25
25
25

5
5
5
5
30
30
30
30

20
20
20
20
-

70.10
65.80
44.50
53.97
63.27
64.90
73.07
76.40

3.28
1.47
1.10
0.88
3.41
2.11
2.88
1.53

3.88
1.65
1.78
0.98
4.06
2.20
3.21
1.58

0.60
0.18
0.68
0.10
0.65
0.09
0.33
0.05
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ΔG/
G0
(%)
18.15
12.24
61.82
10.80
19.09
4.27
11.48
3.28

Mooney
viscosity
(MU)
42.5
42.5
27.6
27.6
29.0
29.0
57.3
57.3
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The results show that the greatest increase in relative shear storage modulus occurred
in sample A2, which contained the lower amount of carbon black with added
softener (see Table 5-3). The next greatest increase was exhibited by the other
sample containing softener, which had a higher concentration of carbon black. The
smallest increase in shear storage modulus, G’, was observed in the sample without
softener and the highest carbon black loading.
The effect of curing in a magnetic field is illustrated clearly in Table 5-3 and
Figures 5-11 to 5-14 where the magnitude of the relative modulus, (ΔG/G0), of each
of the samples vulcanised in the presence and absence of an external magnetic field
are given.

Figure 5-11 Rheometric plots of Series A Samples A1 and A1 (M)
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Figure 5-12 Rheometric plots of Series A Samples 2 and A2(M)

Figure 5-13 Rheometric plots of Series A Samples 3 and A3 (M)
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Figure 5-14 Rheometric plots of Series A Samples 4 and A4 (M)

5.4.2 SEM imaging of Series A
Scanning Electron Microscopy (SEM) (model EVO® MA10) imaging was carried
out in order to check dispersion of particles and filler and alignment of the particle
chains. Figures 5-15 to 5-17 show Series A, Sample 2 with respectively increasing
magnification.
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Figure 5-15 Series A Sample 2, image 1

Figure 5-16 Series A Sample 2, image 2
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Figure 5-17 Series A Sample 2, image 3

5.4.3 Uniaxial Testing of Series A
Tensile tests were carried out on one of the samples cured in the absence of a
magnetic field. Sample A2 was found to have an ultimate tensile strength (UTS) of
14.2 MPa and elongation at break of 532.4 %. The tensile strength of unfilled NR
Gum can be as much as 20 MPa due to strain crystallisation. While this can be
increased with the addition of nanofillers such as carbon black or silica, CIP will
increase the material hardness but will not reinforce it [101].
A conventional NR recipe was compounded and subjected to tensile testing
for comparison with A2. It had a hardness of 42 Sh A and a Mooney viscosity of
33.3 Mooney units (MU). Its tensile strength was found to be 24.1 MPa with an
elongation at break of 370 %.
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5.5 Test and analyses of Series D (influence of vulcanisation
parameters)
5.5.1 Rheometric testing of Series D
The purpose of Series D testing was to investigate the effect of slowing the
vulcanisation process to allow more time for the magnetic particles to align into
chains. This would lead to more uniform chains so that stresses would be evenly
distributed when the material is strained.
In series D, the base sample (D2) was used as a benchmark for comparison
with the other variations. Sample D1 contained added retardant to slow the
vulcanisation and to increase the incubation time. Sample D3 contained softener and
Sample D4 was a reference sample, which contained no carbonyl iron. Vulcameter
curves for the four Series D samples are shown in Figure 5-18, a plot of the change
in torque (and therefore modulus) over time.

Figure 5-18 Vulcameter curve of Series D samples
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The relative shear storage modulus of sample D2 was found to be approximately 26
%. Sample D3 containing softener showed the best switching effect. Relative shear
storage modulus increased to almost 43 %. This was followed by Sample D1 which
contained retardant and increased to almost 35 %. These results are summarised in
Table 5-4 and illustrated in Figure 5-19. The correlation between zero-field modulus
and torque on the material in the viscometer is given in Table 5-5.

Table 5-4 Summary of results of rheometric testing of Series D
Sample
D1
D2
D3
D4
D5A
D5B

Magnetic Particles
[vol.%]
16
17
15
0
14
14

CB
[phr]
5
5
5
50
5
5

Softener
[phr]
0
0
20
0
20
20

Figure 5-19 Rheometric plots of Series D samples
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Retardant
G0
G1
[phr]
[MPa] [MPa]
3.0
1.39 1.87
0.0
1.02 1.29
0.0
0.87 1.24
0.0
0.79 0.80
1.0
1.03 1.69
1.0
0.89 1.61

ΔG
[MPa]
0.48
0.27
0.37
0.01
0.66
0.72

ΔG/G0
[%]
34.53
26.33
42.69
1.20
64.08
80.90
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Table 5-5 Correlation of zero-field modulus and torque with relative modulus and viscosity for
series D materials
Sample
D1
D2
D3
D4
D5A
D5B

CIP
[Vol.%]
16
16
14
0
14
14

CIP
[phr]
200
200
200
0
200
200

G0
[MPa]
1.39
1.02
0.87
0.79
1.03
0.89

T
[dNm]
10.51
13.52
9.07
20.69
6.927
6.927

ΔG/G0
[%]
34.53
26.33
42.69
1.20
64.08
80.90

Viscosity
[MU]
43.8
47.9
31.1
79.9
21.6
21.6

5.5.2 SEM Imaging of Series D
Comparing SEM images of Samples D5A and D5B in Figures 5-20 and 5-21
respectively, it can be seen from Table 5-6 that the "cold press" vulcanisation
method used for the fabrication of Sample D5A led to wider more densely populated
particle chains with larger gaps between these chains. The gap distance (h in
Equation 3-32 is approximately a quarter of the 2 µm particle diameter or less.

Figure 5-20 SEM image of Sample D5A vulcanised in a "cold press"
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Figure 5-21 SEM image of Sample D5B vulcanised in a "heated press"

Table 5-6 Comparison of 5A and 5B samples

Average particle diameter
Chain width
Distance between chains
Gap between adjacent particles

Mean
[µm]
2
9
11
0.4

D5A (cold press)
Standard Deviation
[µm]
1
6
-

D5B (heated press)
Mean
Standard Deviation
[µm]
[µm]
2
6
2
7
2
2
-

5.5.3 Uniaxial testing of Series D
The reference material D4 contained no magnetic particles, but some 50 phr of
carbon black. It had a UTS of 29.9 MPa and an elongation at break of 480.8 %.
When cycled quasi-statically at strains of 30 %, 70 % and 120 %, the maximum
stress experienced by the material was found to be some 5.15 MPa at 120 %. These
results are given in Section 5.7.3 Table 5-15 where the material is used as a reference
for comparison with Series F. Quasi-static cyclic test results are given in Table 5-16.
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5.5.4 Equi-biaxial testing of Series D
Isotropic specimens of the reference material D4 were subjected to equi-biaxial
testing with the bubble inflation system developed by the Centre for Elastomer
Research (CER) at the Dublin Institute of Technology (DIT) [27, 81] as described in
Chapter 4, Section 4.6.3. These tests were carried out at constant engineering stress
amplitudes (σa) in the range of 2.5 to 4.25 MPa. Examples of failed specimens are
given in Figure 5-22. Table 5-7 summarises the cycles to failure of the specimens at
each of the stress amplitudes investigated. The reference material is compared to the
series F material in the Wöhler curves in Section 5.7.3, Figures 5-38 and 5-39.

Table 5-7 Summary of equi-biaxial fatigue test results (NR ref)
(σa MPa)
2.5
3.5
4
4.5

σ a=4.25 MPa

N (cycles to failure) (Average)
4028
2820
825
154

σ a=3.5 MPa

σ a=2.5 MPa

Figure 5-22 Failure modes of fatigued specimens of reference material D4
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5.5.5 Crack propagation of Series D
A series of MRE materials was subjected to tensile strain in a Bayer Coesfeld tear
analyser. A description of each of the materials is given in Table 5-8. More
information on the test method is given along with a schematic of the system in
Appendix C5

Table 5-8 Variation in recipes of four materials
Sample
A
B
C
D

Material
D2
D3
D4
D5

Description
base recipe
softener
control, no magnetic particles, extra CB
softener, retardant

All four of the materials were initially strained at 30 % (the log of which is 1.48
along the x-axis of the plot in Figure 5-23). The stiffer materials which failed
quickly, D2 and D4, were subjected to further testing at the lower strains of 15 %
(1.17 on the x-axis) and 20 % (1.3). The softer materials, (D3 and D5) were strained
to 40 % (1.6) and 50 % (1.7). The stiffer materials failed after relatively short
numbers of cycles at low strains when cracks propagated through the neck of the
dog-bone specimens. Materials D3 and D5 failed at the clamps following some
hundreds of thousands of cycles at the higher strains of 40 % and 50 % strain
respectively (see Figures 5-26 and 5-27). A possible reason for this difference is
discussed in the next chapter.
The logarithm of crack growth per cycle was plotted against the logarithm of
the change in strain (see Figure 5-23), the total energy (Figure 5-24) and stress (see
Figure 5-25). These results are summarised in Table 5-9.
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Figure 5-23 Crack growth for each of the four materials

Figure 5-24 Crack growth against total energy for each of the four materials
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Figure 5-25 Crack growth plotted against maximum stress for each of the four materials

Figure 5-26 Failed D4 specimens

Figure 5-27 Failed D5 specimens
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Table 5-9 Summary of results for each of the four materials
Material

A

Base recipe (D2)

Amplitude / %

15

20

30

40

50

dc/dn / µm cycle-1

0,00013

0,00067

0,01666

-

-

σmax / MPa

0,42877

0,51267

0,67097

-

-

Wtot / MPa

0,03995

0,06250

0,11882

-

-

Material

B

Softener added (D3)

Amplitude / %

15

20

30

40

50

dc/dn / µm cycle-1

0,00002

-

0,00066

0,00252

0,09221

σmax / MPa

0,30443

-

0,45610

0,54490

0,63527

Wtot / MPa

0,03043

-

0,08583

0,13629

0,19342

Material

C

Reference (no magnetic particles, extra CB) (D4)

Amplitude / %

15

20

30

40

50

dc/dn / µm cycle-1

0,00261

0,01189

0,02481

-

-

σmax / MPa

0,82007

0,94957

1,16580

-

-

Wtot / MPa

0,07423

0,11314

0,20702

-

-

Material

D

Softener + Retardant added (D5)

Amplitude / %

15

20

30

40

50

dc/dn / µm cycle-1

-

-

0,00007

0,00031

0,00502

σmax / MPa

-

-

0,40050

0,47027

0,56947

Wtot / MPa

-

-

0,07648

0,12045

0,17909

5.5.6 Digital microscopy of Series D
Digital microscopy was conducted on fractured specimens of the reference material,
D4 and one of the MRE materials, D2. The resulting images can be seen in Figures
5-28 to 5-30.
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Figure 5-28 Digital microscopy of rough fractured surface of Sample D4

Figure 5-29 Digital microscopy of smooth fractured surface of Sample D2
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Figure 5-30 Digital microscopy of smooth fractured surface of Sample D2

5.6 Test and analysis of Series E (Silanisation with Si69)
5.6.1 Rheometric testing of Series E
As carbonyl iron particles are highly polar it can be difficult to obtain good
dispersion throughout the non-polar NR matrix. Silica, which is often used as a white
filler in the rubber industry, is often treated with silane to improve dispersion and its
bond with the rubber matrix. A simple method of accomplishing this was conducted
by Ziegler [83] and by Oprisoni [102] and it was decided to apply this method to the
carbonyl iron. The surfaces of the CIP in Series E were modified with silane Si69 to
improve dispersion and enhance the bond between particle and matrix. BASF Grade
'CC' was chosen to investigate the effect of silanisation because the particles are
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coated with silica (silicon dioxide, SiO2) which it was hoped would react with the
silane to produce non-polar hydrophobic particles. The amount of softener added to
each sample was varied between 0 and 20 phr. A control sample with unmodified
magnetic particles was fabricated for comparison. Details of the series are shown in
Table 5-10.

Table 5-10 Composition and results of Series E
Sample

Composition

CIP
[vol.%]

CIP
[phr]

Softener
[phr]

E1
E2
E3
E4
E5

silanised
silanised
silanised
unsilanised
silanised

25
17
16
16
27

300
200
200
200
400

0
10
20
20
20

ΔG ΔG/G0
Retardant CB
G0
G1
[phr]
[phr] [MPa] [MPa] [MPa] [%]
3
3
3
3
1

0
0
0
0
5

1.56
1.05
0.46
0.36
1.64

2.34
1.66
0.92
0.88
2.95

0.78
0.61
0.46
0.52
1.31

5.6.2 Particle surface analyses (Series E)
A quick check of the polarity of the modified 'CC' particles in beakers of water and
cyclohexane was inconclusive: the particles seemed to turn the water slightly grey
which would indicate dispersion in the medium, but most of the particles simply
settled on the bottom of the beaker. The particles did not seem to disperse clearly in
the cyclohexane either.
The next step was to conduct Thermogravimetric analysis (TGA) to look for
a reduction in weight of the particles as they were heated in a nitrogen atmosphere.
The plot in Figure 5-31 clearly shows an increase in weight beyond a temperature of
250 °C.
Infrared spectroscopy was carried out to identify the elements present in a
small sample of the silanised CIP. The plot is shown in Figure 5-32. There are no
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50.0
58.1
101.8
144.4
79.9
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peaks present in the range of 3650 - 3000 cm-1 which would indicate the presence of
OH groups on the surface of the modified particles.

Figure 5-31 TGA of silanised CIP grade 'CC'

Figure 5-32 IR spectroscopy of silanised CIP grade 'CC'
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Two commercial iron samples were subjected to testing to investigate the silica
coating. It was hoped that the testing would show whether the particles were
completely covered (encapsulated) in the silicon dioxide or whether it was stippled
in patches on the particle surfaces. OH groups should be present on the coating on
the surface of the SiO2 shell. The two samples were BASF Grade 'ER' (Sample 1)
and a sample of iron spheres from Eckart (Sample 2). Both samples were observed
with SEM imaging. The resulting images showed a substance stippled on the surface
of both samples (Figures 5-33 and 5-34), but energy-dispersive X-ray spectroscopy
(ED-X) was required to identify the elements present and their concentrations. It can
be observed in the Appendix ED-X analysis indicated very small amounts of silica
(Si) in the first test (Figure D-1 source) on sample 1 (Figure D-2). A second test in
another region of the specimen (Figure D-3 source) also showed the presence of a
small amount of Tungsten (indicated by the letter ‘W’, meaning ‘Wolfram’ (Figure
D-4).

Figure 5-33 SEM sample 1(CIP 'ER’)
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Sample 2 (Eckart), which was aggregated in clumps (Figure 5-34), showed a higher
concentration of silica on the surface. The results of both samples are summarised in
Tables 5-11, 5-12 and 5-13.

Table 5-11 ED-X results sample 1 (ER) Test 1
Spectrum

Mass % O

Mass % Si

Mass % Fe

Mass % Sum

1
2
3

1.5
1.1
1.0

0.3
9.7E-02
7.9E-02

98.2
98.8
98.9

100
100
100

Table 5-12 ED-X results sample 1 (ER) Test 2
Spectrum
1
2
3

Mass % O
1.7
1.2
1.0

Mass % Si
0.6
0.2
7. 3E-02

Figure 5-34 SEM sample 2 (Eckart)
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Mass % Fe
97.7
98.7
99.0

Mass % Sum
100
100
100
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Table 5-13 ED-X results sample 2 (Eckart 10 µm)
Spectrum
1
2

Mass % O
22.1
25.2

Mass % Si
9.7
11.8

Mass % Fe
68.2
62.9

Mass %Sum
100
100

As sample 2 (Eckart particles) contained a higher concentration of silica on the
surface of the particles, it was decided to make another attempt at the silanisation
reaction using the Eckart particles. The reaction was anticipated to occur at 60 °C
and was left to run overnight. Before the reaction was stopped the following morning
it was noted that the temperature had dropped to 50 °C during the night. Whether the
mixture was hot enough for a sufficient period for silanisation to take place was
unknown. The silanised CIP dispersed easily in cyclohexane, but not in water. TGA
was carried out as before to look for a reduction in weight as the bonds are were
broken. As seen in Figure D-6, (Appendix) the weight again increases; this time
from shortly beyond 300 °C, suggesting that the reaction may have been
unsuccessful. If the silane was not chemically bonded, it could be removed by
further washing. This was tested by washing the particles with cyclohexane again
and running the TGA once more. The second TGA is shown in Figure D-7
(Appendix) and the weight can be seen to increase from shortly above 300 °C as
before.
IR spectroscopy was carried out to check for the presence of silica and
particularly for OH groups on the surface of the silanised Sample 2 (Eckart 10 µm)
particles. Although silica, indicated by the peak at 1073, is clearly present in the
spectrum shown in Figure D-8 (Appendix); one of the regions where Si-O-Si groups
can be found is the region 1110 – 1000 cm-1, there were no discernible peaks in the
region of 3650 – 3000 cm-1 where the OH groups should lie. The IR spectrum for
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silica, shown here for reference in Figure D-9 (Appendix), exhibited clear peaks in
this range.
The reaction was attempted again at a higher temperature (70 °C) using
cyclohexane as a solvent. The cyclohexane helps prevent the silane from reacting
with itself to form polymer chains. The TGA plot in Figure D-10 (Appendix)
showed that the as with the first two trials, the weight of the sample increased above
300 °C.

5.7 Test and analysis of Series F (Influence of coating)
5.7.1 Rheometric testing of Series F
BASF's carbonyl iron powder grade 'SW-S' is coated with fatty acid and offers
extremely high resistance values. A material incorporating 400 phr (approximately
27 vol.%) was fabricated. The measured change in shear storage modulus was some
41-53 %, which is lower than the percentage obtained for some of the earlier recipes,
but this amounted to a change of approximately 1 MPa. (Refer to Table 5-14).

Table 5-14 Rheometric results of Series F

Sample
SW-S
SW-S slow heating

Magnetic Particles
[vol.%]
27
27

Magnetic Particles
[phr]
400
400

G0
[MPa]
2,30
2,15

G1
[MPa]
3,24
3,30

ΔG
[MPa]
0,94
1,15

ΔG/G0
[%]
40,87
53,49

5.7.2 Uniaxial testing of Series F
A sample from series F (CIP coated with fatty acid) exhibited a value of 9.5 MPa
UTS and an elongation at break of 648.5 %. The tan δ value was approximately 0.2.
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The tensile test was carried out on three MRE specimens with a Zwick 1445
universal test machine. The average of tests carried out on five specimens for the
reference material D4 are given for comparison (see Figure 5-35 and Table 5-15).
Uniaxial testing was conducted on two specimens of the MRE material which
were cycled at strains of 30 %, 70 % and 120 % for a total of three cycles at each
strain. The same tests were carried out with three specimens of the reference
material, D4 (see Figure 5-36 and Table 5-16).

Figure 5-35 Stress-strain curves for sample F1 and the reference material D4

Table 5-15 Summary of tensile test programme
Tensile testing
UTS (MPa)
Elongation at break (%)

MRE
(NR-400 SW-S)
9.1
648.8

108"

Reference
material (D4)
29.9
480.8
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Table 5-16 Summary of cyclic test programme
Cyclic

MRE
(NR-400 SW-S)
Max. stress (MPa)

Reference material
(D4)
Max. stress (MPa)

30 % strain
70 % strain
120 % strain

0.45
0.6
0.93

1.5
2.6
5.15

Figure 5-36 Multi-hysteresis curves for sample F1 and the reference material D4

5.7.3 Equi-biaxial testing of Series F
Isotropic Series F specimens were subjected to equi-biaxial testing with the bubble
inflation system developed by the CER at DIT [81]. The results were compared to
the reference material D4. These tests were carried out at constant engineering stress
amplitudes (σa) in the range 0.875 to 1.5 MPa in the absence of a magnetic field.
Recall that the stress amplitude range for the reference material D4 tests was 2.5 to
4.25 MPa reflecting the higher stiffness of this material. The minimum stress for all
cycles in all tests was zero. Examples of failed series F specimens are given in
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Figure 5-37. Table 5-17 summarises the number of cycles to failure for the material
at the stress amplitudes investigated.
A Wöhler (S/N) curve for the two materials (σa v N) can be seen in Figure 538; a Wöhler curve where dynamic stored energy is plotted against cycles to failure
is given in Figure 5-39.

σ a=1.5 MPa

σ a=1.25 MPa

Figure 5-37 Failure modes of fatigued MRE series F specimens

Table 5-17 Summary of equi-biaxial fatigue test results (MRE)
(σa MPa)

N (cycles to failure) (Average)

0.875
1
1.125

4017
2379
782

1.25

243

1.5

108
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Figure 5-38 Wöhler curves for samples F1 and D4 (σa v N, σmin = 0)

Figure 5-39 Dynamic stored energy v log cycles, N for samples F1 and D4 (σmin = 0)

5.7.4 Possibility of silanisation
As the fatty acid coating this grade of CIP (SW-S) is an organic substance it was
possible that this grade might be more suited to silanisation with Si69. As with series
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E, the particles should be completely encapsulated in a shell that is bound to the
surface and cannot be lost over time. Two samples of the SW-S powder were taken.
One was kept as a control specimen and the other was immersed in propanol and
stirred overnight with a non-magnetic stirrer at room temperature. Unless it was
chemically bound to the iron particle surface, the fatty acid should be removed by
the propanol and washed away. This sample was dried over several days at room
temperature. Both samples were subjected to TGA (Figures D-11 and D-12) to look
for a weight reduction in the treated sample – this would indicate the removal of the
fatty acid coating and that it could not have been chemically bonded to the iron
particle surface.
The weights of both samples were the same when the test began at room
temperature but a gap (of about 5 %) opened as the curves for each specimen
diverged slightly (Figure D-13). Both samples exhibited an increase in weight from
300 °C. At 500 °C the difference between the weights of the two samples was
approximately 1 %.

5.8

Test and analysis of Series G (EPDM synthetic rubber)

The same BASF grade SW-S CIP was added to EPDM compounds. EPDM is often
used in the automotive industry as an alternative to natural rubber as it is resistant to
weather and ozone. This recipe consisted of a mixture of Keltan EPDM with a small
amount of SBR. A summary of the variations in composition is given in Table 5-18.
The differences in compositions, particularly the use of a matrix material of high
molecular weight led to a clear difference in Mooney viscosity. However, the MR
effects summarised in Table 5-19 show a reduction in the MR properties desired and
indicated the need for optimisation of the recipes.
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Table 5-18 Composition of Series G materials
CIP
[vol %]

Sample

Matrix

G1
G2

Low molecular
High molecular

G3

High molecular

22
15
18

CIP
[phr]
400 SW-S
300 SW-S

CB
[vol %]
15
40

Softener
[vol %]
15
15

350 SW-S

30

25

ML (1+4)
100°C
38
68
70

5.8.1 Rheometric Testing of Series G
A summary of the results of the three series G materials rheometric tests plotted in
Figure 5-40 are given along with the tensile test results in Table 5-19.

Figure 5-40 Results of Series G rheometric tests

Table 5-19 Results of tensile and rheometric testing of EPDM mixture
Sample
G1
G2
G3

ML (1+4)
[MU]
38
70
70

UTS
[MPa]
4.9
10.2
14.4

Strain
[%]
515
512
529

G'0
[MPa]
1.80
1.40
1.72
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G'1
[MPa]
2.20
1.47
1.78

ΔG'
[MPa]
0.40
0.07
0.06

ΔG'/G'0
%
22
5
3
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5.8.2 Uniaxial Testing of Series G
The tensile properties of the three compounds are illustrated by the stress-strain
curves shown in Figure 5-41.

Figure 5-41 Results of Series G tensile tests

5.8.3 Fatigue Testing of Series G
In order to observe the fatigue behaviour of the EPDM-based MREs, dumbbell
specimens of the three series G materials were subjected to fatigue testing in an MTS
831.50 high frequency elastomer test system (Refer to Table 5-20). The specimens
were strained in tension to 60, 80, 120 and 160 %. Figure 5-42, fitted with a linear
curve, shows the stress plotted against the number of cycles to failure on log scales
for the EPDM materials. Two references are included in the plot; the curve of an NR
material from experimental results and the curve of an EPDM material from a model
(simulated results).
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Unfortunately, only samples containing homogenously dispersed CIP could be tested
with this system due to the limited dimensions of the vulcanisation system prototype
required to produce anisotropic MREs. However it was sensible to investigate the
properties of homogneously-dispersed isotropic samples before undertaking the
more complicated engineering required to vulcanise dumbbell specimens with an
anisotropic dispersion.

Table 5-20 Summary of fatigue testing of series G
Sample

Cycles to failure

Strain max
[%]
336
252
168

Stress max
[MPa]
1.31
1.15
0.74

Amplitude
[mm±]
40
30
20

Amplitude
[%±]
160
120
80

G1
G1
G1

100
400
6800

G2
G2
G2

16
127
5295

336
252
168

2.38
1.68
1.27

40
30
20

160
120
80

G3
G3
G3
G3

64
257
2200
68925

336
252
168
126

2.81
2.30
1.57
1.30

40
30
20
15

160
120
80
60

Figure 5-42 Log stress vs. log cycles to failures for series G (linear curve fit)
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5.9

Test and analyses of polyurethane series

A Sample with a polyurethane matrix consisting of 70 % HF 505 (see Table 5-21)
and 30 % 14922 with 11.5 % carbonyl iron particles were prepared by a partner in
Warsaw University of Technology (WUT). The particle size was 6-9 µm and the
particles were provided by Fluka. The magnetic field applied during curing was 300
mT. This specimen had a very soft matrix, which allowed the particles to become
aligned in chains easily during curing.

5.9.1 Rheometric Testing:
This sample which contained CIP was subjected to the same rheometric test in order
to compare them with the other series of materials. A summary of the results can be
seen in Table 5-22.

Table 5-21 Summary of constituents of PU series
Sample
Matrix
filler
1
70 % HF 505
11.5 % carbonyl iron
30 % 14922
particles 6-9 µm

Table 5-22 Summary of results of rheometric testing of PU Series
Sample
Magnetic field
G0
G1
(0.3 T)
[MPa]
[MPa]
√
PU-1
0.22
0.27

ΔG
[MPa]
0.05

ΔG/G0
%
22.94

From the rheometric plot shown in Figure 5-43, magnetic saturation occured at 0.8 T
after 220 s.
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Figure 5-43 Increase of shear modulus with magnetic field of polyurethane sample PU-1

5.9.2 Uniaxial Testing (Tensile test)
Restricted quantities of material from WUT meant that specimens for tensile testing
of the PU MREs were not available but rectilinear samples of two similar unfilled
matrix materials which contained no magnetic particles were obtained in order to get
an idea of their mechanical properties. The stress-strain curves were obtained using a
Lloyd Instruments LR 30K with a 500 N load cell (see Figure 5-44 and 5-45).
Tensile tests found the ultimate tensile strengths to be less than 0.3 MPa. As CIP is
not a reinforcing filler, there was no reason to expect a higher tensile strength in the
MRE specimens.
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Figure 5-44 Stress-strain curve for PU Elastomer 1

Figure 5-45 Stress-strain curve for PU Elastomer 2
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5.9.3 Equi-biaxial testing of polyurethane series
A burst test was performed on the specimen PU1, which contained CIP and was
cured in the presence of a magnetic field, using the bubble inflation equi-biaxial test
system. The sample was inflated hydraulically until rupture occurred. The point of
failure was observed to lie at the centre of the specimen and at the bubble pole.

5.9.4

Digital microscopy of burst sample

Digital microscopy was carried out to obtain an insight into the material and where
fracture initiated in sample PU-1. Particles were visible, but chains were not clear.
The material was tacky and much debris can be seen in the images Figures 5-46 to 548, particularly on the right hand side of Figure 5-48.

ridges due to tearing

smooth fracture surface

Figure 5-46 Fracture surface of burst polyurethane sample PU-1
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large particles
(45 µm approx.)

Figure 5-47 Fracture surface of burst polyurethane sample PU-1

cracks

Figure 5-48 Cracks in burst polyurethane sample PU-1

5.9.5 Scanning Electron Microscope (SEM) imaging of burst sample
SEM imaging was obtained in order to verify alignment of the particles and to
observe the microstructure of the sample, in particular to check particle size and
presence of agglomerates (see Figures 5-49 and 5-50).
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Figure 5-49 SEM image of burst polyurethane sample PU-1 showing agglomerates of particles

Figure 5-50 Variation of particle size in burst polyurethane sample PU-1
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5.9.6 Effect of cyclic frequency
A rheometric experiment with an MRE sample that was not linked to any particular
series was conducted in order to assess the effect of frequency of cycling on the
shear modulus. The sample consisted of NR CV 50 with 100-phr carbonyl iron
Grade ‘EW’ from BASF. A plot of the frequency sweep is shown in Figure 5-51.

Figure 5-51 Variation of shear modulus with frequency sweep for a carbonyl iron filled NR
specimens

5.10 Summary of Chapter 5: Results
A total of seven series of materials were investigated: the silicone rubber series S
which investigated the effects of a variety of magnetic particles, the NR-based
compounds series A-F, the synthetic rubber series G which was based on an EPDM
blend and the PU series.
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The most significant question of the switching effect was investigated by rheometric
testing conducted with each series. Microscopy, uniaxial and biaxial testing were
carried out for some series to obtain more information about the microstructure and
behaviour of the materials. These tests were primarily to obtain knowledge required
to improve recipes and vulcanisation parameters – whether the tensile properties
were acceptable, the state of particle orientation achieved, whether the quantities of
plasticizers or carbon black should be changed.
Crack propagation and fatigue testing are time-consuming and it would not
be feasible to subject all materials to these tests but they are necessary to ensure that
components made from these compounds are capable of withstanding dynamic
loading in service.
Unfortunately testing of anisotropic specimens was only possible in the case
of rheometric testing. This is regrettable because there is reason to believe that the
behaviour of isotropic specimens will be quite different to that of the more
switchable anisotropic MREs. Most of the testing was also carried out without an
external magnetic field to induce magnetic interactions between the particles. The
results obtained will be discussed in the next chapter and the relevance of the
external magnetic field and its influence will be pointed out. The implementation of
an electromagnet array that mimics a Halbach cylinder is imminent in DIT and this
will facilitate the application of a uniform but variable magnetic field to samples
dynamically tested using the bubble inflation system. Also, DIK plans to create a
larger electromagnetic vulcanisation system.
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Chapter 6
6 DISCUSSION OF RESULTS
6.1 Initial particle selection
The first task required in this research was to identify particles of an appropriate size
with a relatively high magnetic saturation. According to the theory originally derived
by Jolly et al. (1996) and developed by Alshuth et al. (2007), large particles should
exhibit a greater MR effect than small particles (Eqn.3-20). The experiments with
MRFs confirmed this theory, as the greatest increase in shear modulus was observed
in the micro-sized carbonyl iron particles (Figures 5-5, 5-6, 5-7 and Table 5-1). The
smaller increases in modulus were observed in the nanoparticles.
However, the same equation also states that the higher the magnetisation
saturation, the greater the potential increase in shear modulus. A greater increase
might be achieved with larger size Fe3O4 particles.
Wen-Guang et al. synthesised magnetite nanoparticles and observed that the
conditions which favour rapid particle growth (optimal temperature and solution
concentration) aid the formation of a microstructure conducive to high magnetisation
[103]. Kodama (1999) [67] states that small particle size leads to breaking of the
exchange bonds at the particle surface and disordered spin configurations of
magnetic moments, which in turn results in a decrease in magnetisation. Thapa et al.
(2004) [104] found that magnetite particles of 91 nm in diameter had a greater
magnetisation than smaller particles, down to particles of 10 nm diameter, at which
point the magnetisation declined rapidly. An initial increase as particle size
decreased was attributed to the effects of the crystal structure of the material on the
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particles’ magnetisation. Magnetisation near a particle’s surface tends to be lower
than in the interior of a particle and Thapa et al. suggested that in the case of very
small particles the surface effects dominate.
In the case of the fluids or “slurries” the size of the gap between the plates of
the rheometer was found to affect the switching effect observed: in contrast to the
case of vulcanised materials where the gap size is determined by the specimen
thickness, fluids have more freedom to move to fill the space available between the
plates. This meant that the distance could be increased until the columner chains of
particles formed when a magnetic field was applied could no longer bridge the gap
between the plates. The particles can be drawn into columns in the centre of the
plates so that the torque required to shear them increases. This can be observed in
Figure 5-8 where increasing the gap size from 0.5 mm to 1.5 mm resulted in a higher
switching effect. As described in Appendix C2, the correct gap distance is just
enough to fill the gap evenly and ensure contact between every point on the upper
plate and the test specimen.
As the CIPs performed better in the rheometric tests than the other materials,
tests with rubber melts (unvulcanised compounds) were conducted. Figure 5-9 shows
that the ranking of a selection of the BASF CIP grades in terms of rheometric
performance was repeated in the rubber melts.

6.1.1 Silicon rubber matrix series S
The first tests on cured MRE samples made with a silicon matrix reflect the results
from tests on MRFs. From Table 5-2 and Figure 5-10 it is clear that the carbonyl iron
particles with their high saturation magnetisation and size exhibited the largest
change in shear storage modulus, G’. The increase was 87.5 % of the zero-field
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modulus. These particles had diameters of up to 50 µm, which is an appropriate size
for MREs: they were large enough to influence the magnetic energy interactions, but
not so large that they were likely to acts as stress concentrations around which cracks
could open and propagate. By contrast Sample S5 test-pieces which contained a
range of particle sizes, some of which may have been too large at 250 µm, did not
show a significant relative increase in G’. With reference to the study carried out by
Stepanov [26] described in Chapter 2, it is evident that with such a wide range of
particle sizes it is possible that the smaller particles may fill the gaps between the
larger particles, leading to a less even chain, resembling a 3D structure. Also
Boczkowska [25] observed that an MRE with such 3D structures behaved similarly
to a typical isotropic material, as if no magnetic field had been applied at the time of
curing and the particles were almost homogenously dispersed.
Comparing the specimens that were cured in the presence of a magnetic field
to the corresponding samples cured without the field, it is clear that the process of
aligning the particles into chains by curing in a magnetic field maximised the
potential switching effect that could be obtained. The exceptions were tests on S5
and S5 (M) samples, which exhibited little change. In this case, S5 (M) samples
cured in a magnetic field showed a lower relative shear modulus than the
corresponding un-aligned samples. This was attributed to damage sustained during
removal from the mould, which lowered the readings for the modulus.
Figures 5-1 and 5-2 agree with the findings of Bednarek (1999) which had
shown that most of the particle alignment is achieved early in the orientation stage
[105]. This initial rapid alignment is followed by a slower progression while the
magnetic field is applied.
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Recall the FE study carried out by Davis [31] which predicted no change in the zerofield modulus when the particles were aligned into chains instead of being
homogenously dispersed. This contradicted the findings of Chen et al. [24] who
observed an increase in zero-field modulus when particles were aligned as opposed
to homogenously dispersed. Table 5-2 and Figure 5-10 confirm the findings of Chen
et al. that anisotropic specimens may exhibit a higher zero-field modulus than
isotropic specimens of the same compound. In fact for almost all of the MREs tested
in this study, the aligned anisotropic specimens have a higher initial modulus (zerofield modulus) than samples of the same mixture vulcanised in the absence of a
magnetic field to obtain isotropic specimen.

6.1.2 Outcomes initial particle selection
The initial rheometric tests with MRFs confirmed the superior switching effect of
micron-sized carbonyl iron powder. Altering the gap distance between the plates also
showed that the change in modulus observed depended on the chain structure
achieved by the particles when a magnetic field was applied. This indicates that the
switching effect is not dependent on the choice of magnetic particles alone but is
also influenced by the matrix viscosity and the space available for the particles to
move into.
The incorporation of the magnetic particles into a silicon matrix was a rapid
test to check how applicable the factors affecting the switching effect in the MRFs
would apply to MREs. Although some testing with alternative particle materials
continued, it was decided that from here on compounding should focus on CIP as the
magnetic filler materials in MREs. However, the mobility of particles in a cured
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matrix material was more restricted than in a fluid. This point must be considered in
all cured or vulcanised rubber materials.

6.2 Discussion of Series A (influence of viscosity)
6.2.1 Rheometric testing of Series A
Series A was an NR blend filled with CIP grade ‘SM’ supplied by BASF. The results
show that the greatest increase in relative modulus occurred in the sample with the
lowest amount of carbon black and with the softener. This indicates that the increase
in modulus depends on the viscosity of the sample. Tests were conducted with a
Mooney viscometer (Mooney MV 200 E) in order to confirm this finding. The
highest relative shear modulus occurred in the sample with the lowest viscosity. This
substantiated the findings of Boczkowska and Awietjan (2007) [25], whose work
had shown that the MR effect achieved is highly dependent on the particle structure
formed by the aligned chains, which in turn depends largely on the matrix viscosity.
The plots shown in Figures 5-11 to 5-14 indicated that magnetic saturation of
the particles was almost achieved with a magnetic flux of 0.6 T. By 0.8 T, saturation
was fully achieved and no further increase in shear modulus was observed for further
increases in magnetic field strength.
Saturation did not occur at exactly the same time or level of magnetic flux
density for each sample. The sample with the lowest viscosity, sample A2, took
longer to achieve its maximum value of saturation at a higher magnetic flux density
than sample A4, which had the highest viscosity. This suggested that the mobility of
the particles was more limited in the harder more viscous samples, which achieved
magnetic saturation earlier. The orientation of the particles and the gain in shear
modulus was restricted in the more viscous samples.
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It must be noted that there was an error in values for shear modulus for the samples:
it is reasonable to assume that the harder A4 sample should have had a higher initial
modulus than the A3 sample, which contained softener. An International Rubber
Hardness Degrees (IHRD) micro test was conducted in accordance with ISO
48:1986 (Rubber, vulcanized or thermoplastic—Determination of hardness [84]) and
proved that sample A4 was harder than the A3 sample. It is interesting to note that
the composite samples cured in the magnetic field may not have been harder overall
than those cured in the absence of a magnetic field. At this high particle loading, the
homogenous dispersion seemed to make the whole specimen harder. A modulus
check was conducted with an Advanced Rheometric Expansion System (ARES) 3A5
rheometer and it confirmed that sample A4 had a higher modulus than sample A3.
The readings for the initial modulus of the harder samples were higher than the
values obtained in the Anton Paar tests. This suggested that the readings for shear
modulus taken using the Anton Paar were low.
The gap distance between the rheometer plates was checked and found to be
suitable for the thickness of the samples. Although there was some variation in the
thickness along the test samples, the range was quite small (0.02 mm) and should not
have affected the readings.
As the material was sheared, the harder samples must also have slipped
between the plates so that they offered less resistance to the shearing force of the
oscillating upper plate. The samples with softener had better adhesion to the plates
and provided more resistance to the oscillation. The normal force (25 N) applied to
hold the samples in place as they were sheared in the chamber of the Anton Paar
rheometer may have been insufficient to prevent sliding of the harder samples. Tests
carried out with both methods (Anton Paar and Ares rheometer) are compared in
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Figure 6-1. In the cases of the Anton Paar tests, the normal force holding the
specimens in place was varied between 25 N and the upper limit for the apparatus,
50 N, at a deformation of 0.5 % strain. It is clear that the hardest sample, A4 showed
the greatest variation between tests and that sample A2, which of the specimens
tested had the lowest values for hardness, was the most consistent. The remaining
samples had values that fell in between these two as expected. Small inconsistencies
between tests using the same method and parameters may be explained by
differences in the equipment and variation in ambient temperature. Sample A4
shows the limitations of the Anto Paar rheometer and indicates where caution should
be exercised in interpreting results. Vulcanisates which are particularly hard or
having a sufficiently high modulus or lacking any tack may require another method
of testing.
One solution to the problem of samples slipping between the plates is to bond
the samples in place on the lower plate of the rheometer with an adhesive suitable for
bonding rubber to stainless steel. Consideration must be given to the shear strength
of the adhesive and where it will fail (at the metal or the rubber side). Another option
would be to conduct double lap shear tests with a tensile test system. This would
necessitate the addition of apparatus to provide a magnetic field.

6.2.2 Uniaxial testing of Series A
A sample from series A was used to obtain a typical value for the tensile stress of an
NR-based MR filled with carbonyl iron powder. The values obtained for Ultimate
Tensile Strength (UTS) and elongation at break of the sample A2 (14.2 MPa UTS
and 532.4 % elongation at break) are sufficient for engineering applications.
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Achievable values for vulcanised NR are up to 28 MPa for UTS and up to 800 %
elongation at break [106]. Typical values for engine mounts made from NR tend to
be in the region of 20 MPa UTS and some 500 % elongation at break [107].
Earlier investigations of MRE properties used compounds with lower values
(7.3 MPa tensile strength [47] and 1.38 MPa tensile strength [108]) which are too
low for many industrial applications. However, it should be pointed out that the
studies referenced here did not mention carbon black, which is often added to rubber
to improve mechanical properties, although the hardness of their specimens were in
the same range as those investigated in this research. It was not possible at this time
to produce an anisotropic sample for tensile testing (for example, sample A2 (M)),
but it is likely that the values would be lower, as the particle chains would act as
stress risers in the composite material.

Figure 6-1 Comparison of initial values of shear modulus with various test methods and
procedures
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6.2.3 SEM imaging of Series A
SEM imaging was conducted on one the specimens to observe anisotropy of the
specimen (particle alignment). Particle alignment in sample A2 can be seen from the
SEM images (Figures 5-15 to 5-17), although the particle loading was quite high. A
lower concentration of particles would have allowed the chains to be more easily
distinguished.
The particle chains were not neatly ordered like a string of pearls, but
consisted of uneven columns that were two or three particles wide in places. The
alignment was resisted by the viscous elastomer matrix. This resistance led to an
irregular structure. With greater magnification, holes were observed where particles
had been pulled out of the matrix when the sample was cut (Figures 5-16 and 5-17).
The image with the greatest magnification (Figure 5-17) showed that most of the
particles were a few microns in diameter, though some larger particles existed and
some were agglomerated. The images show that the particles were spherical and
predominantly in the range of 2–4 µm in diameter.

6.2.4 Outcomes Series A
The rheometric testing of Series A established the need for a clear anisotropic
orientation of the magnetic particles and reiterated the benefits of the application of a
magnetic field prior to curing or vulcanisation. As observed in the MRFs, the
particles worked against the matrix to change their order from a homogenous
dispersion to a chain structure. This re-ordering of the particles was easier in the
materials which had a lower matrix viscosity.
The SEM images showed that the particles in A2 did not achieve a perfect
‘string of pearls’ arrangement. The gaps in the chains and uneven widths could
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indicate inhomogeneity in the magnetic field at the time of vulcanisation – which
would exacerbated by the particle clusters as they are formed.
The uniaxial testing of material A2 established values of the tensile
properties that might be expected. This series resulted in the development of an
MRE with the tensile strength and rheometric properties sufficient for automotive
applications.

6.3 Discussion of Series D (influence of vulcanisation
parameters)
6.3.1 Rheometric testing of Series D
Series D was fabricated in order to investigate the effects of the vulcanisation
parameters on the switching effect of MREs. Rheometric tests showed that
increasing the incubation time improved the switching effect. The use of softener
and retardant together increased the switching effect significantly. Table 5-4 shows
that both of the samples with added softener (Sample D3 and added retardant,
Sample D1) performed better than the base sample D2. The highest value of torque
obtained for each material is related to its shear modulus and viscosity (see Table 55). Observing the vulcameter curves in Figure 5-18, the reference sample D4, which
contained no carbonyl iron but extra carbon black had the highest values of torque
and Sample D3 containing softener had the lowest values of torque. The value for
Sample D1 containing retardant, fell between the base material D2 and the sample
with the softener, D3. It is clear that the addition of retardant in Sample D1 increased
the incubation time from approximately one minute in the case of the base Sample
D2 to approximately 5 minutes. Table 5-5 shows that as with Series A, the
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magnitude of the relative MR effects of the samples can be correlated with their
Mooney viscosities; the largest relative MR effects were observed in the samples
with the lowest values for Mooney viscosity.
The zero-field modulus of the reference material D4 was too low at 0.8 MPa.
A check with the RDA on an isotropic rectilinear specimen of this material indicated
that at 0.5 % strain at a frequency of 10 Hz this figure should be closer to 7 MPa.
Clearly the specimen must have slipped between the plates of the Anton Paar
rheometer. This was to be expected as the hard specimen contained no softener that
would have made the surface a little tacky.
The results for materials D1-D4 suggested that the use of retardant along
with softener must be considered in order to maximise the benefit of MREs. The
mixture D5 was fabricated to test this hypothesis. Sample D5 was vulcanised using
the cold press method while D5B was vulcanised in the usual way be inserting it into
a pre-heated press. It was hoped that the combined effects of retardant and
vulcanisation in a 'cold press' would maximise the switching effect but sample D5B
which was vulcanised in the usual way by preheating the press, exhibited the highest
change in shear storage modulus observed in the NR-based MREs investigated in
this work. If the results are correct, then it must be concluded that the cold press
method used with retardant has a negative effect on the switching effect that can be
achieved, but this seems unlikely. Concerning material D5, the increase from
approximately 40 % to 60–80 % is more than can be accounted for by the use of a
matrix with a lower initial viscosity alone. This mixture proved that increased
incubation time further improved the switching effect of the resultant MRE, in
addition to the benefit achieved using a matrix material with a suitable viscosity.
This shows that slowing vulcanisation by allowing more time for particle alignment
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to be completed before crosslinking occurs, rather than just increasing the duration
of the vulcanisation process, led to an increase in relative MR effect, presumably
because the particle chains are more regular.
Again, controlling the time allowed for vulcanisation and the rate at which it
occurs is a significant factor in the production of MREs. Once the right particle
concentration has been identified for a particular material, thought must be given to
the cure time. Chen et al. [24] allowed a set ‘pre-configuration time’ for particle
orientation before crosslinking of NR-based MREs and experimented with preconfiguration temperatures of 60 °, 80 °, 100 ° and 120 °C. The MREs preconfigured or aligned at 80 °C were observed to show the highest switching effect.
The correct quantity of retardant and softener along with the correct temperature
control during vulcanisation might optimise the particle alignment to produce better
MREs and a more versatile material.

6.3.2 SEM imaging of Series D
SEM images of Samples D5A and D5B were obtained in order to observe the effect
of the cold press method on particle alignment. The chains are not uniform but some
trends can be seen. The wider particles chains in D5A (Figure 5-20) are clearly more
tightly packed than those in D5B (Figure 5-21). With the particles already clustered
together the opportunity for individual particles to move to new positions when the
external magnetic field is applied is reduced. Although it is said [10] that the
switching effect comes from the magnetic interactions between particles in a chain,
Stepanov et al. 2007 [26] have shown that some of the change in material properties
must come from the rearrangement of these structures. The magnetostrictive
"growth" of specimens in the direction of the applied magnetic field illustrates this
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rearrangement, and it depends on the mobility of the particles in the columnar
structures which is reduced in the tightly-packed chains in Sample D5B. This
suggests that the perfect "pearls on a string" arrangement may be limited in terms of
MR effect and that imperfect looser chains will maximise switching effect. This
would set limits on the values of gap distance between particles, h in Eqn. 3-32.
Perhaps if vulcanisation takes too long, the magnetic coil heats up so that the
field strength is decreased and the magnetic interactions between the particles in the
chains are reduced.

6.3.3 Uniaxial testing of Series D
The values of 29.9 MPa for UTS and 480 % elongation at break are suitable for use
in automotive engine mounts but these values belong to the reference material D4.
The MRE materials with softener and retardant exhibited lower UTS values. The
material was strained to three extensions for three cycles at each strain. The
maximum stress experienced at the highest strain (120 %) was 5.15 MPa, which was
more than five times that experienced by the MRE material F1.

6.3.4 Equi-biaxial testing of Series D
Of series D, only the reference material D4 was subjected to equi-biaxial testing and
this only as a comparison with material F1. The results listed in Table 5-7 showed a
higher stress for a similar fatigue life as the MRE specimen F1 but the reason for this
is the higher concentration of carbon black in material D4 and hence results from
sacrificing the benefits of carbon black in order to increase the portion of CIP in the
MRE material. This will be explained in more detail in Section 7.4.
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6.3.5 Crack propagation of Series D
The results of the crack propagation investigation are summarised in Table 5-9. All
of the tested materials displayed a lower rate of crack growth than the control
material D4. Figures 5-19 to 5-24 show that the highest rate of crack growth
occurred in the control sample, Material D4, which experienced the highest stress
and where a greater amount of energy was dissipated. Material D5 performed best,
having the lowest rate of crack growth. Figures 5-23 to 5-25 show that this is related
to the stress experienced by the samples; materials subjected to higher stresses
dissipated larger amounts of energy as cracks grew. A higher stiffness corresponded
to a higher modulus and such materials were unable to withstand high strains. These
stiff materials tended to fail at lower strain ranges due to the high stress experienced.
The other samples follow an expected trend; the base recipe Material D2 showing a
slower crack propagation, followed by Material D3 with its added softener and
finally by Material D5, which contained a small amount of retardant to increase the
incubation time during vulcanisation as well as softener and resulted in a reduction
in modulus.
The results do not show how cracks initiate and propagate through the
material. Although the external cracks themselves can be seen with the naked eye,
internal cracks may exist inside the samples. The particles are too small to show up
in DIAS. The question of whether the cracks are initiated or hindered by the
magnetic particles remains unanswered. However, it is clear that the addition of the
particles does not result in a poorer material. A likely answer will be discussed in
Section 6.6.3 when comparing the fatigue experiments of series G with the published
work of Zhang et al. [73] whose failed dumbbell specimens were more suited to
SEM imaging.
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It is worth noting that all of the MRE samples from Series D lasted longer
than the control samples, the reference material, D4. The rate of crack growth was
lower in the MREs, particularly when softener and retardant were added. These
'softer' materials experienced lower maximum stresses, and thus lower dissipated
energies and slower rates of crack growth. The optimum recipe, D5 exhibited a crack
propagation rate of 1 mm every 11 days at 30 % strain. There is no point for this
material that corresponds to 1.6 on the plot shown in Figure 5-23. To obtain a value
here the test would have had to be running for approximately six weeks. While it still
cannot be said how the addition of micro-sized CIP influences the initiation of cracks
and the directions of crack growth, it can be concluded that it does not negatively
impact the material, at least in the short-term. Aging studies have yet to be
conducted.
A final remark on how the samples failed is given here. Most of the ruptured
samples failed as the cracks grew through the specimens (see Figure 5-26). By
contrast, materials D3 and D5 failed at the clamps, suggesting failure was due to
material fatigue rather than crack propagation (see Figure 5-27).

6.3.6 Digital microscopy of Series D
Digital microscopy shows that the fractured surface of the reference material,
Material D4, is quite rough with many asperities (see Figure 5-28) in contrast to that
of Material D2 (Figure 5-29 and 5-30). As D4 was a stiffer material it was also more
brittle than the MRE D2 which contained softener. D4 failed very quickly (within an
hour of beginning the test) whereas the crack in D2 (SEN) grew over a few days
before the material failed. Branching in the propagating crack in two directions was
evident in material D4. This was also observed in the plots of crack growth in mm
138"

C04837487
against the number of cycles as a sudden step in the curve. Such a step can be seen in
Appendix C5, Figure C-11, the curve for one of the D2 specimens.

6.3.7 Outcomes Series D
Having established the benefits of an anisotropic orientation of the magnetic
particles, the next step was the identification of factors conducive to achieving this
particle alignment. Although low viscosity matrix aids particle alignment (or rather
high matrix viscosity hinders it) there is a limit to how much the matrix viscosity can
be reduced by the addition of softener. Too much softener or too little reinforcement
would result in a cured MRE material of very low modulus – a problem observed in
most MREs reported into published literature to date. Series D was fabricated to
investigate the possibility of keeping the matrix viscosity low at the time of particle
alignment without increasing the amount of softener in the compounds. The options
were controlling the temperature during the vulcanisation process to extend the
window of time in which alignment could be completed, and the addition of
retardant to increase the incubation time and delay the onset of vulcanisation.
The rheometric testing of this series showed that the addition of retardant was
a very successful method to improve the anisotropic structure and thus to maximise
the switching effect. While controlling the temperature can be beneficial, it must be
timed correctly. The SEM imaging showed that the sample D5B which was
fabricated in a pre-heated press consisted of thin individual chains rather than the
thicker columns with branches between them in D5A, which had been placed in a
cool press. In this case, the overall vulcanisation time was increased, but the
incubation time probably was not. Extending the vulcanisation time overall is
inefficient for industrial production on a large scale.
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The uniaxial testing highlighted the need for the reinforcing properties of
carbon black and why its replacement with CIP leads to poor tensile properties in
MREs. It shows us that although CIP increases the composite’s hardness, it does not
reinforce the material. This is unsurprising as it is already known that reinforcing
filler particles should be less than 1 000 nm in diameter, and that truly reinforcing
fillers tend to be 100 nm or less. These tests make it clear that we cannot completely
exclude reinforcing fillers from MRE recipes. It also reiterates the limit to how much
softener can be added as it reduces the modulus of the vulcanised MRE.
The equi-biaxial testing of Material D4 was conducted in order to make a
comparison with Material F1 and is discussed further in Series F.
The crack propagation tests were another first time development. As with the
equi-biaxial testing, these experiments showed that the micro-sized magnetic
particles were not necessarily damaging to the matrix.
The failure from the growth of a defect (SEN) is brittle failure. The crack
grows until the rate of propagation reaches a critical state and the specimen fails
suddenly. It was clear that the specimens were torn across the specimen width. There
was no permanent deformation that would occur with ductile failure. The
microscopy of the fractured surfaces showed that the MRE material had a smooth
fractured surface and relatively low energy led to failure. Rough surfaces occur
where a high energy was required to fracture the material
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6.4

Discussion of Series E (Influence of silanisation)

6.4.1 Rheometric testing of Series E
To enhance the dispersion of particles throughout the matrix, CIP was silanised with
Si69. It was thought that this surface modification would also strengthen the bond
between the particle surface and the NR matrix. Table 5-10 shows that the
unmodified sample performed better than the silanised ones. This was unexpected.
Perhaps 3 phr retardant is too much, as this retardant (CTP) is usually added in doses
of 0.5 phr or less. Too much retardant may have reduced the state-of-cure although
the manufacturers have stated that this effect can be countered with small amounts of
sulphur.
Another possibility is that the problem may be due to agglomeration of the
silanised particles. It was noted that removal of the dried silanised particles from the
round-bottomed flask in which they were fabricated was exceedingly difficult, and
much material was lost in the process. Sample E5 was created using a second batch
of silanised particles. In this case, the silanised particles were stirred to reduce
agglomeration and transferred to a beaker for drying. They were stirred at several
intervals before they were fully dried. This resulted in a fine powder which was
observed to be free of large agglomerates. It is probable that the dispersion of this
powder through the matrix is better than in the samples E1 to E4. The recipe for
Sample E5 differed from the other samples in that E5 contained a small amount of
carbon black (which increased the initial modulus) and a smaller amount of
retardant. The dispersion of the filler particles could explain the reduction in MR
effect.
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6.4.2 Particle surface analyses (Series E)
Unfortunately the most likely issue may be with the silanisation process itself. The
silane must be covalently bonded to OH groups present on the surface of the CIP at
60 °C over a period of hours. If the temperature is not monitored the process may not
be performed correctly. If these OH groups are not present all over the particle
surface (encapsulated), but only in patches, the reaction will not occur. The TGA
plot in Figure 5-31 should have shown a reduction in weight as heating increased
and chemical bonds were broken between 300 °C and 500 °C. An increase of weight
was observed from approximately 250 °C onwards. This was a probable indication
of oxidation of the iron on the surfaces of the particles. Although the TGA was
carried out in a nitrogen atmosphere it was not 100 % pure and it was likely that
small amounts of oxygen and other elements were present. If the particles had been
completely covered with a silica shell this oxidation would not have occurred. The
Fourier-Transform-Infrared-Spectroscopy (FT-IR) shown in Figure 5-32 showed no
peaks in the wavelength range of 3500-3200 cm-1 which would indicate the presence
of silica. The results of the TGA and IR tests suggest that the silanisation was
unsuccessful. The process was relatively simple and there are few sources of error.
Attention turned to the particles purchased and their SiO2 coating.
With no remaining unmodified ‘CC’ particles it was not possible to
investigate the coating on the surface but it was possible to look at another grade of
SiO2-coated CIP from the same producer and to compare it with a sample from
another supplier. BASF Grade 'ER' (Sample 1) and CIP from Eckart (Sample 2) were
subjected to TGA, 2D-X and IR spectroscopy to ascertain information regarding the
surface coating, particularly the presence and concentration of OH groups available
for silanisation on the surface.
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Sample 1 (BASF’s CIP ‘ER’) clearly exhibited an approximately spherical
configuration (Figure 5-33) while sample 2 (Eckart) was clustered (Figure 5-34).
Both samples had small amounts of another material spotted on the surface but the
ED-X spectroscopy indicated that this material could not be the SiO2 coating as it
was not present in quantities large enough even for it to be the 11 % mass of silica
detected in Sample 2. There were silicates present on the surface of the particles, and
a much higher quantity was now proved to be present in the case of Sample 2, but
whether this 11 % was enough and how it was distributed on the surface was still
unclear. A second attempt at silanisation with Si69 was made with Sample 2
(Eckart). Although the temperature had dropped while the reaction was being carried
out it appeared to be more successful as the CIP dried to a light powdery consistency
observed with the successful silanisation of silica carried out by Oprisoni [102],
which dispersed easily in cyclohexane, but not in water. However it was not clear
whether the silane was covalently bonded to the iron particles or simple sitting on it
as an un-bonded coating. The increase in weight of the material in the TGA plots
shown in Figures D-6 and D-7 were an unwelcome occurrence as it was likely due to
oxidation of the iron and an indicator that the silane was not chemically bonded to
the particle surface. This confirms that there was Si69 silane sitting on the surfaces
of the carbonyl iron particles that was being rinsed away with each successive
washing.
A third attempt was made with the reaction at a higher temperature (70°C), this
time in a solution with cyclohexane. One advantage of the cyclohexane is that it
inhibits the reaction of the silanes with each other to form polymer chains. Ziegler
added acetic acid to his reaction as a catalyst when by silanising silica particles but it
was omitted from this reaction as it might damage the CIP. Yet again the weight was
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observed to rise from approximately 300 °C (Figure D-10) suggesting oxidation of
particles and thus an insufficient coating with silane. This did not prove that none of
the silane bonded covalently to the particle surfaces but it suggested that even if
there were OH groups present before the reaction, the number of groups available
might have been very low. FT-IR spectroscopy showed an absence of OH groups on
the surface of the unmodified (coated with SiO2 as received from the supplier but not
functionalised with Si69 at DIK) Sample 2 CIP when Figure D-8 was compared with
a spectrum of a reference silica sample (Figure D-9). It was possible that any OH
groups, if they had been present on the surface of the particles received from the
manufacturer might have been lost during the drying process in the factory. This was
disappointing, as without these OH groups, or a sufficient quantity and distribution
of them over the whole surface of the particle, there would be no possibility for the
silane to bond to the particle surfaces without a pre-treatment to introduce such
groups or graft them to the surface. This might be achieved by functionalising the
particles with tetra ethyl orthosilicate (TEOS) or amino groups before the
silanisation reaction. Again the particles must be completely encapsulated and
scaling the process up may not be quite as easy as the simple silanisation reaction
with the silica. Unfortunately the development of the whole procedure has grown
beyond the scope of this work and must be left to other researchers to investigate.

6.4.3 Outcomes Series E
The purpose of Series E was to create an NR-CIP MRE in which each individual
particle had a protective shell to keep iron oxides on the surfaces of the CIP from
coming into direct contact with the natural rubber matrix. The intention was that the
silane would bond to the particle surfaces on one side and to the rubber matrix on the
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other. The mobility of the magnetic particles might be slightly decreased, but a
significant switching effect should be achievable. The unsilanised material
performed better in rheometric testing.
The tacky specimens obtained suggested that the silanisation reaction with
Si69 silane was not successful. The particles may have been coated temporarily but
there was no evidence to show that the silane was chemically bound to the CIP.
TGA, IR and ED-X were conducted to investigate the reasons why the reaction was
not successful. The TGA experiments showed an increase in weight during the
experiments which may indicate the occurrence of corrosion. This suggests that the
SiO2 coating was unllikley to be a complete shell over the particle surface. The
reaction temperature was increased and carried out in a solution with cyclohexane,
which inhibits the reaction of the silanes with each other to form polymer chains.
Although this appeared to produce a better powder, it the silane was still sitting on
the surface and was rinsed away with successive washing.
Although SEM imaging revealed the presence of small amounts of material
stippled on the surface of the CIP particles supplied by Eckart, ED-X proved that this
could not be the SiO2 coating. FT-IR showed that the problem was the number of
OH groups on the particle surfaces were simply not present in quantitites large
enough to provide a sufficient number of sites for chemical bonding to occur. This
makes it clear that the amount of SiO2 on the particles surfaces was too low to ensure
a successful silane reaction. It was now clear that in order to silanise the particles,
some kind of pre-treatment would be necessary.
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6.5 Discussion of Series F (influence of coating)
6.5.1 Rheometric testing of Series F
It can be seen from Table 5-14 that the relative MR effect for this recipe amounts to
1.0 MPa, which is a significant increase in the shear modulus of an NR compound
having an initial value of 2.3 MPa.

6.5.2 Uniaxial testing of Series F
The UTS value of 9.5 MPa observed in Figure 5-35 and listed in Table 5-15 is a little
lower than what would be suitable for engine mounts (a value above 11 MPa was
identified as desirable) while the elongation at break was greater than would be
required at 648.5 %. This recipe might be improved by reducing the quantity of CIP
to 300-350 phr (approximately 20 % vol.). This would also reduce the tan δ, which
at 0.2 was quite high, possibly due to adjacent particles rubbing against each other.
The multi-hystersis tests (Figure 5-36 and Table 5-16) show that the softer MRE
experiences lower maximum stresses and might be expected to last longer when
stressed uniaxially. However, these tests were not conducted to failure and the high
CIP content has replaced some of the carbon black which is known to increase
tensile strength and fatigue resistance.

6.5.3 Equi-biaxial testing of Series F
Table 5-17 and the Wöhler curves given in Figure 5-38 show that the MRE with CIP
was tested at lower stress ranges than the reference material D4. This was because
the reference material which contained a higher quantity of carbon black was
stronger. Similar numbers of cycles are compared for the two materials. The
reference material exhibits better fatigue resistance as it lasted for more cycles.
146"

C04837487
However this is due to the increase in tensile and fatigue properties that the addition
of carbon black imbues rather than from the addition of CIP. The compound would
be strengthened by increasing the quantity of carbon black - this recipe contained
only 5 phr. As the specimen is inflated, the columns of particles which were initially
vertical are likely to be distorted so that they will be aligned at an angle in the
inflated specimen.
If equi-biaxial tension is assumed to be kinematically equivalent to uniaxial
compression, the CIP should reinforce the matrix and increase the pressure required
to strain the material to failure. If the magnetic field was applied here, magnetic
interaction would strain the particles chains in the direction of the magnetic field
lines - both vertically through the specimen thickness and radially along the curved
field lines. If the bubble pole is in the centre of the uniform part of the magnetic field
the particles in the middle of a chain, or in the centre of the material thickness, will
be drawn together by the magnetic interactions between them, the particles in the
chain towards the upper and lower edges of the specimen will be pulled by the
stretched matrix but will experience a force trying to draw them back along the
magnetic field lines. Away from the bubble pole the magnetic field becomes less
uniform and the flux density drops. The stresses in the specimen in these regions
would be less even and the particles chains may begin to try to orientate themselves
along the curved field lines. Perhaps this will distort the bubble and cause it to fail at
a location somewhere along the sides and quite far removed from the pole, though
there is no evidence for this. Movement of particles would lead to more irregularities
in the magnetic field and its flux density perhaps further increasing any distortion of
the bubble. It is quite possible that the material may exhibit a shorter lifetime when
operated in the presence of a magnetic field than in the absence of it. Or perhaps the
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inflation pressure would even out such distortions and minimise irregularities in the
magnetic field. An FEA simulation and experimental results for comparison would
be most desirable here.
The plot shown in Figure 5-39 shows that the dynamic stored energy for both
the reference material D4 and the MRE F1 for increasing cycles are quite linear. This
suggests that the dynamic stored energy might be used as a reliable predictor of
fatigue life.

6.5.4 Possibility of silanisation
At the beginning of the TGA at approximately room temperature, the weights of
both samples were very similar but almost immediately began to diverge slightly.
Both samples began to increase in weight above 300 °C. By the end of the test at
500 °C the gap had widened and the weight of the sample treated with propanol was
1 % lower than that of the untreated sample. This 1 % is sufficient for the amount of
surface coating that was present and might be interpreted as a reduction due to the
loss of the fatty acid coating, but that could not be concluded with certainty. These
tiny differences were within tolerances that could be reasonably expected. This
weight is the sum of changes in weight and does not mean that some fatty acid was
not lost, only that the increase in oxidation, if that is what has occurred, was the
greater part of the change in weight and hence contributed more to the change. If
oxidation occurred, it is likely that the iron surface was exposed to air and the
coating was not a complete shell. The TGA suggests that there were no organic parts
present in a sufficient quantity on the surface of the particles and thus there was no
chance of successful silanisation of the material. IR would not help here as the
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coating could not be more than nanometres thick and was beyond the resolution of
the machine.

6.5.5 Outcomes Series F
This series was an optimised NR-CIP recipe. The CIP grade was expected to show a
high switching effect. The material data sheets reported that the powder was coated
with an unspecified fatty acid.
Although the switching effect of material F1 was of a lower percentage (40
%) than those of some of the earlier recipes (A2: 60; D5B: 80 %), rheometric testing
showed that the switching effect was quite high at almost 1 Mpa. This is a desirable
increase in modulus.
Tensile testing of the material F1 showed that it had a UTS of almost 10
Mpa. This was a little low for the automotive applications mentioned in this work
but it approaches acceptable levels. Increasing the carbon black content or using a
more active black would increase the tensile strength, as would successful
silanisation of the particle surfaces.
Equi-biaxial testing had not been conducted on MREs prior to these
experiments. The presence of micron-sized magnetic particles will lead to uneven
stresses throughout the composite in service, particularly as a magnetic flux density
is applied and varied. This will become even more important in anisotropic MREs.
Bubble inflation is a suitable option for equi-biaxial experiments on MREs as the
presence of dense iron powder makes the materials heavy and gravitational effects
might distort a sheet if it were tensioned on a stretch frame.
While the MREs were not as strong as the conventional reference material,
which contained no CIP but had a substantial amount of carbon black, when the
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inflation pressures were adjusted for the stiffness of the materials, their lifetimes
were almost as long as those of the reference material. This is a positive sign as it
indicated that the presence of magnetic particles in the rubber matrix was not
necessarily detrimental in the short term. This may change in the case of anisotropic
specimens as particle chains may be long enough to act as stress risers in the
material. In the long term, the iron particles will accelerate aging in the natural
rubber matrix.
The bubble inflation system needs refinement to accommodate a large bubble
radius of the specimens which, if inflated to rupture in a single shot, would have
exceeded the limits of the apparatus’ vision system.
Although very little information about the fatty acid on the surface was
provided, it was hoped that the organic substance would be capable of forming a
chemical bond with Si69. The TGA experiments showed that even as the “silanised”
particles were washed, the weight of the particle samples increased as the tests were
conducted. This suggested that the particles were oxidising, and that the particles
could not be completely enclosed in a shell. The IR and EDX experiments showed
that there was too little organic material present on the surface to expect a successful
reaction.

6.6 Discussion of Series G (EPDM compound)
With series G the focus of the investigation moved to MREs based on a widely-used
synthetic rubber.
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6.6.1 Rheometric testing of Series G
A low MR effect observed in the rheometric experiments summarised in Table 5-19
was attributed to the higher Mooney viscosities in the mixtures containing the rubber
with the high molecular weight. These results reiterate the correlation between
switching effect and matrix viscosity.

6.6.2 Uniaxial Testing of Series G
The results of the tensile tests shown in Figure 5-41 illustrate the reason for the use
of these compounds; the compounds comprised of rubber of high molecular weight
exhibit an increased tensile strength although the levels of strain are similar.

6.6.3 Fatigue Testing of Series G
From Figure 5-42 it can be seen that a quadratic curve would fit better than the linear
one. At lower strains the EPDM MRE materials G1 and G2 are comparable to the
reference materials. Sample G3 contains a different polymer blend.
Making small variations to the recipes might bring the MRE materials up to
the same level as the reference EPDM. At 120 % (60 % in each direction) strain
following 40 000 cycles, G1 is comparable with the reference EPDM.
Although the parameters and method of testing are not too different from that
of those of the experiments of Zhang et al. [73], the rough recipe given in that work
makes it difficult to compare results. Cis-polybutadiene is a synthetic rubber but the
compound described in the literature is not similar to the EPDM blend discussed
here. The matrix material appears to be quite soft with a shear storage modulus, G’
of less than 0.5 MPa for the compounds containing 60-70 % mass CIP. This must
amount to some 18-25 % vol. Although all of the Series G material contained at least
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300 phr CIP (16-25 vol.% depending on the mixture), the closest match to the Series
G materials is the MRE with 80 % mass (over 30 % vol.) and a zero-field modulus
of approximately 1.8 MPa. The strain amplitudes differ slightly, but Zhang’s results
at 75 % strain can be compared with Series G at 80% strain. For that material the
modulus began to drop immediately for the first 40 000 cycles then plateaued until
100 000 cycles were reached (this was at 75 % strain). At 100 % strain, this material
failed after 100 000 cycles.
Material G2 contained 300 phr CIP which amounted to some 17 % vol. but
the sample lasted only 5 300 cycles. If the logarithms of the strain of the series G
materials are plotted against the logarithm of cycles to failure, the resulting graph
(Figure 6-2) can be used to predict the number of cycles to failure at particular
strains to produce Table 6-1. No data was available at strain of 50 % for any of the
compounds and only the curve of G3 passes through the 75 % strain. Testing of G2
and G3 began at 80 % strain and thereafter strain was increased. The plot suggests
that at 75% deformation the Series G materials reached less than half of the lifespan
of the material Zhang et al. experimented with, but if the strain was to be reduced to
50 %, it is possible that material G3 would last some 63 000 cycles.

Table 6-1 Expected cycles to failure for series G materials
Sample

50 % Strain

75 % Strain

100 % Strain

G1
G2
G3

31 000*
40 000*
63 000*

7000*
5800*
9500

2000
1000
1700

* extrapolated values
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The literature provides an answer to the question of where cracks initiate in MREs as
Zhang et al. were confident that crack propagation began at the interface between
chains of aligned particles and the rubber matrix. This was to be expected but could
not be proven by the tear analyses of series D.

Figure 6-2 Strain v. log. Cycles to failure for Series G

It was not possible to conduct SEM on the dumbbells as they were stretched as
described in the work of Zhang et al. That literature suggests that the authors had the
ability to view the materials under tension. With such a high volume fraction it was
difficult for a reader who had not observed the experiments first hand to identify the
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changes in the material that were claimed, but as a similar test was not possible, a
comparison with Series G could not be made.

6.6.4 Outcomes series G
Another way to mitigate the threat of aging was to switch to synthetic rubber. EPDM
is often used in automotive applications instead of NR because of its resistance to
temperature and aging. However, it does not have the same high tensile properties as
NR and must be reinforced. Rheometric testing showed that the switching effect of
G1 remained reasonable at 20 %, but when the blend was altered to include a high
molecular weight polymer, the matrix viscosity was increased and the switching
effect was significantly reduced. In this case, more softening oil can be added to the
recipe to combat the problem. Retardant can also be added to the recipe to increase
the incubation time. The combination of these two solutions would bring the
switching effect back to acceptable levels.
The UTS of 16 Mpa achieved by G3 is beyond any tensile strength reported
for MREs to date. The high molecular weight of the polymer blend was responsible
for this increase in strength and provided an alternative form of reinforcement.
The fatigue testing showed that the lifetime of an MRE can be of a
reasonable duration. At stresses that are expected in service, G3 performed better
than the EPDM model and approached the lifetime of real NR materials that are
currently used in automotive applications.
Taken together, the results of this series are very promising as the steps to
achieve a good switching effect combined with the tensile and fatigue properties
required are clear even though they were not obtained in any one material in the
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series. The problem of accelerated aging arising from CIP in an NR matrix has also
been side-stepped by switching to a synthetic rubber.

6.7 Discusssion of polyurethane series results
6.7.1 Rheometric Testing of PU Series
As a comparison, an MRE based on polyurethane was sheared in the Anton Paar
rheometer. This series had a very low hardness as its matrix had a very low viscosity.
Containing a low volume fraction and cured in a relatively low magnetic field of 0.3
T, the relative MR effect was still quite high at almost 23 % (see Table 5-22 and
Figure 5-43).
As with series A, D, E and F, all of which contained carbonyl iron particles,
the rheometric plot in Figure 5-43 shows that magnetic saturation occurred at 0.8 T
shortly after 200 s. This observation indicates that the magnitude of saturation
magnetisation is determined by the filler particles although the time taken to reach
saturation is dependent on the matrix viscosity.

6.7.2 Uniaxial Testing of polyurethane series
Tests on the PU MREs were not possible but rectilinear samples of two similar
unfilled matrix materials were obtained in order to get an idea of their mechanical
properties. The stress-strain curves were obtained using a Lloyd Instruments LR 30K
with a 500 N load cell (see Figure 5-44 and 5-45). Tensile tests found the ultimate
tensile strengths to be less than 0.3 MPa.

155"

C04837487
6.7.3 Equi-biaxial testing of polyurethane series
A static test to failure was performed using the bubble inflation equi-biaxial test
system. The sample was inflated hydraulically until rupture occurred. The point of
failure was observed to lie at the centre of the specimen at the bubble pole.

6.7.4 Digital microscopy of failed sample
The smooth surface in Figure 5-46 is the fracture surface. The ridges to the left of
this area were the result of tearing following much handling of the failed specimen
and occurred after the test was carried out.
The average particle diameter was known to be 6-9 mm, but the microscopy
showed that larger particles, of approximately 45 mm diameter, were also present
(see Figure 5-47). Many small cracks were visible towards the centre of the fracture
surface (see Figure 5-48). It is difficult to say exactly where the first crack initiated.
Several small cracks were opened in the central region and propagated.

6.7.5 Scanning Electron Microscope (SEM) imaging of failed sample
Orientation of the particles in the sample can be seen clearly in Figure 5-49. As with
Sample A2, the chains were uneven and in some places were as little as 7.5 µm
wide. The size of the gaps between the particles varied from zero to 21 µm. There
were also agglomerates of particles present in Figure 5-50. From Figure 5-50 it
appears that the size of individual particles is generally smaller than the quoted size
of 6 to 9 µm, which is more likely to refer to agglomerates of particles. Individual
particles have diameters of between 2 and 5 µm – the same range as the CIP from
BASF. Dispersion was inferior to that for Series A materials.
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6.7.6 Outcomes of polyurethane series
The PU sample is typical of the kind of MREs that have been investigated by other
authors to date. It is clear from these tests that a reasonable switching effect can be
obtained with a low volume fraction of magnetic particles and a low magnetic field
at the time of curing. The material was soft and of low stiffness and tensile strength.
The rheometric testing of this series showed that the results of CIP as magnetic filler
in MRES are repeatable in other matrix materials and that the magnitude of the
switching effect depends on the volume fraction of particles (PU: 11.5 vol.% ≈ 20 %
switching effect,

D2: 15 vol.% ≈ 25 % switching effect without retardant, A2:

22 vol.% ≈ 60 % switching effect, 30 vol.% ≈ 40-50 % switching effect)."
The uniaxial tests give an indication of the tensile properties of the matrix
materials that have been used in MREs up until now. With these low tensile
properties, it is clear that reinforcing fillers such as carbon black are also necessary
for most of the potential applications suggested in Section 1.7 Potential
Applications. CIP will contribute to a harder MRE but will not increase tensile or
fatigue properties so it would not be reasonable to expect the tensile strength to be
increased by the incorporation of CIP alone.
No precise information was obtained from the equi-biaxial experiments with
the PU sample. The sample failed at the pole. Digital microscopy showed that the
specimen failed when it ruptured at the pole and validated that the bubble inflation
system worked. Several cracks were observed in the region.
SEM proved the successful alignment of the magnetic particles into chains but
revealed a poor dispersion of the CIP throughout the matrix. This dispersion was
achieved by stirring the particles in the uncured PU matrix. As dispersion of
nanomaterials in a rubber matrix is critical for the lifetime of a component, a good
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dispersion is very important. This would be even more seminal where micron-sized
particles are present.

6.8 Effect of cyclic frequency
The plot shown in Figure 5-51 indicates that the shear modulus, G was indirectly
dependent on frequency of cycling. This cyclic frequency dependency was observed
earlier by Chen et al. [24] who attributed it to the temperature dependence of the
matrix during cycling. The temperature curve plotted from measurements recorded
by the Anton Paar rheometer showed that an increase in the frequency caused a rise
in temperature and a corresponding reduction in shear storage modulus, G’. A rise of
1° C was observed to cause an insignificant reduction in the viscosity of MRFs and
some rubber samples. Similarly, this temperature rise was not enough to affect a
vulcanised NR sample. Gent explained that the modulus of rubber changes with
cyclic frequency as the connections are broken and reformed [6]. The new bonds
formed may favour a configuration that resists the deformation to which the rubber is
subjected causing the modulus to increase.

6.8.1 Outcomes of Cyclic frequency testing
While frequency was not investigated in depth in this work, it should be noted that
the frequency of testing of elastomers must always be considered. When deciding
parameters for any test, care must be taken to ensure that the motion is not so fast
that the test material cannot respond in time, otherwise erroneous results will be
obtained. Just as importantly, the test equipment must be able to achieve the limits
set for the test: in the case of the rheometric tests with the Anton Paar, the torsional
shear deformation must be quite low so that the deformation can be achieved within
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the 10 Hz frequency parameter that was set. Larger deformations may need a longer
duration to be achieved. The Stiffness of the material also limits the extent by which
it can be deformed.
The results of the frequency sweep for the NR-based MRE show that the as
the frequency of shear was increased, the modulus was also increased. This is
expected and is observed in conventional filled elastomers. The switching effect did
not seem to change: a small increase was observed as the magnetic field was applied.
Towards the end of the test, from 700 s onwards, the Payne effect, whereby the
modulus of a filled elastomer decreases, was observed.

6.8.2 Chapter 6 Summary
The initial particle selection experiments show clearly that higher MR effects are
observed with larger micro-sized particles which renders them preferable to
nanoparticles. Series S suggests that a mixture of micro-sized particles of different
diameters tend to pack closely together during curing and may exhibit reduced
mobility in the cured composite leading to a reduced possibility to re-arrange
themselves when the vulcanisate is operated in the presence of a magnetic field and
thus a lower MR effect than if the chains were looser occurs.
The influence of viscosity is seen to be a dominant factor in all of the series
and by Series G, can even be a limiting factor. This is because it restricts the
movement of particles both at the orientation stage, during and before curing as well
as later during the operation of the cured composite under a magnetic field.
Series A clarified the limits of the Anton Paar rheometer in rheomteric
testing. Very stiff materials with little or no tack were liable to slip between the
plates of the rheometer rather than to experience torsional shear which can lead to
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incorrect results. Where such problems are anticipated it is advisable to use another
method such as the ARES rheometer or double lap shear experiments as a check.
Hence, the accuracy of results can be correlated with other equipment.
Series D introduced many considerations but also many possibilities. This
series shows the potential to tailor MREs by altering the recipe and the curing or
vulcanisation process. Small changes can lead to large changes in MR effect. The
issue of viscosity is continually confronted, but this series showed that the degree of
particle alignment can be affected by factors other than the choice of matrix material.
The crack propagation tests showed that CIP as filler is not itself problematic
in the short-term in isotropic samples having a homogenous dispersion of powder.
Anisotropic specimens may exhibit shorter lifetimes. In the long term CIP is likely to
accelerate aging of an NR matrix unless the particles are treated prior to
incorporation. The questions of where cracks initiate in an MRE and the way they
grow was not answered by these tests but the work of Zhang et al. [73], in which
cracks in fatigued dumbbells were observed to be more numerous at the interface of
particles and matrix, may apply.
Surface modification of CIP by silanisation is likely to benefit MREs but this
was not proved by series E as a successful method of carrying out the process proved
elusive. However, the reason for this was traced to the surface chemistry of the CIP
purchased and the requirements for a successful treatment were identified. This
problem can be solved by future research, but the question then will be how easily it
can be accomplished, scaled-up to a commercial level and whether it will be
economically viable.
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The question of the benefits of surface modification was also present in Series F
where the fatty acid was found to be beneficial to the MR effect. It may also aid
silanisation.
Series G allowed the observation of MREs fabricated with a synthetic rubber
matrix. G1 showed that EPDM can be used as an MRE matrix material but G2 and
G3 showed the restrictions imposed by matrix viscosity as neither of these
compounds produced an adequate switching effect. The series was also subjected to
fatigue testing and highlights the compromise between obtaining a high MR effect
and achieving good mechanical properties (tensile stress and lifetime). Little
research was carried out with these EPDM-based recipes so there is an opportunity
for improvement in these compounds. The recipe of Zhang et al. [73] is certainly
more promising for both considerations.
Davis (1999) [31] concluded that the relative MR effect, ΔG’/G’0 might be as
high as 50 % but the estimate now seems conservative. Some of the specimens
investigated in this work exceeded that prediction and showed that, with the right
compound and fabrication factors, MREs can reach a switching effect of upwards of
80 %, as observed in Sample D5B (see Table 5-4). Although a relative MR effect of
144 % was obtained in the case of Sample E4 (see Table 5-10), it should be noted
that this tacky soft specimen had an initial modulus that would render it difficult to
implement in components. This may also be the case with the PU series which was
very soft and even with a very low volume fraction of CIP exhibited a reasonably
high MR effect. Table 6-2 gives a summary of the materials investigated in this
work, the tests carried out and their outcomes.
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Table 6-2 Summary of material series, test methods, results and outcomes.
Series

Composition

MRFs

A variety of
commercial grades of
magnetic particles in
medical white oil.

Test
method
Rheometric

Factor investigated

Outcomes

Effects of different particle
types and their
concentration on switching
effect.

From various commercial
materials, CIP was
identified as superior
magnetic filler due to its
high magnetic
polarization, large
diameter (a few microns
rather than a few
nanometers) and spherical
form. CIP grades were
listed and ranked
according to their
performance.

Rheometric

Effect of the gap distance
between the parallel plates
of the rheometer (thickness
of specimen and possibility
of particles to reorient
themselves) on switching
effect.

Higher switching effects
were observed when the
gap distance was
increased (as long as
contact with the MRF was
maintained). In the low
viscosity oil matrix,
particles were free to align
into chains along the
magnetic field lines when
a magnetic field was
applied.
From various commercial
grade materials, CIP was
identified as asuperior
magnetic filler due to its
high magnetic
polarization, large
diameter (a few microns
rather than a few
nanometers) and spherical
form.
Low viscosity aided
particle alignment thus
improving switching
effect
Tensile properties suitable
for automotive
applications

SQ 4:1 (400 phr) (4g
SQ: 1g oil)
Permalloy 4:1
ER 4:1
Eckart particle types
EQ 4:1 in silicon
rubber RT 604
StFe (2 types) 1:1
Magnaquench 4:1
CIP SM 4:1
Silanised Permalloy
4:1

S

A variety of sorts of
magnetic particles in
SBR

Rheometric

Effects of different particle
types on switching effect
(due to magnetic
saturation, particle size,
aspect ratio)

A

NR.+ CIP BASF
Grade SM
(approximately 25
vol.%)

Rheometric

Effect of viscosity on the
switching effect

Tensile test

To determine UTS and
elongation at break of an
MRE compound from this
series
Optimisation of the
vulcanisation process to
improve particle alignment
and thus switching effect

D

NR CIP BASF Grade
SM (approximately 15
vol.%)

Rheometric

Tear
analysis of
an SEN in
anisotropic
MRE
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Prolonging the incubation
time either by controlling
the press temperature or
adding retardant to the
compound resulted in an
improved switching effect
The presence of micronsized magnetic particles
did not accelerate crack
growth. Replacement of
CB with CIP led to
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specimens

E

F

NR + CIP (BASF
Grade CC) silanised
with Si69
(approximately 15
vol.% for E2, E3 and
E4, approximatels 25
vol.% for E1 and E5
respectively)
NR CIP BASF Grade
SW-S (27 vol.%)
These particles were
coated with a fatty
acid, which was not
specified by BASF

materials of lower
stiffness which were
subjected to lower
maximum stresses and
lower tearing energies
than conventional
elastomers for the same
strains.

Rheometric

Effect of silanisation on
switching effect

A better switching effect
was observed in
unsilanised specimens.
A chemical bond bewteen
magnetic particles and
rubber matrix was not
achieved.

Rheometric

Lifetime

Optimal compound.
Exhibited a high
switching effect.

Fatigue by
bubble
equibiaxial
testing
(bubble
inflation)

G

EPDM + CIP BASF
Grade SW-S G1, G2
and G3 filled with 22,
15 and 18 vol.%
magnetic particles
respectively)
(synthetic rubber
blend)

Rheometric

Improvement of tensile
and fatigue properties

Tensile
Test

Exhibited slightly lower
lifetimes than a
conventional material
which was used as a
reference. This was to be
expected as the
replacement of CB with
CIP led to a reductionin
tensile and fatigue
properties.
The Swtiching effect was
found to be acceptable (20
%) to poor (2 - 3 %)

Tensile properties found
to be acceptable for use in
automotive applications
and far better than results
reported in published
literature on MREs to
date.
Fatigue properties
approach those observed
in NR components used in
automotive applications
and far better than results
reported in published
literature on MREs to
date.

Fatigue
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Chapter 7
7 CONCLUSIONS
The following conclusions were drawn from the experiments:

1. MR performance (in this case measured by the increase in shear storage
modulus, G') is largely dependent on the viscosity of the MRE matrix in
the uncured state. This is seen clearly from the results of Series A and in
all subsequent series of materials. A relatively low viscosity is required to
enable the magnetic particles to align into chains before curing begins.
This can be realised through selection of ingredients.
2. MR effect is largely dependent on particle size. This is indicated by the
Eqn.3-23 given in Chapter 3 and confirmed generally by comparing the
rheometric results of nanoparticles and micron-sized particles of similar
material but different sizes in Chapter 5. An exception to this is the
strontium ferrite powder samples used in the silicone-based MRE series,
S. These results were somewhat affected by the surface finish of the
samples and the values of shear modulus recorded were low enough that
changes of a few kilopascals may be equivalent to a relatively large
percentage increase. The nanoparticles have a higher magnetic
susceptibility – they are more magnetic, yet their magnetic interaction is
lower than that of the larger CIP. This may be due to fewer magnetic
domains in each particle, the greater distance between the particles centres
in neighbouring particles in a chain or a combination of both conditions,
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but it leads to a lower MR effect in the MRE composites than the micronsized CIP. Particles must be large enough (approximately 1 µm) to exhibit
a high magnetic interaction between them (to obtain a switching effect of
more than 20 %), but small enough not to become stress-raisers, from
which cracks can form and propagate in the matrix (in theory less than 40
µm [109].
3. Vulcanisation in a magnetic field causes the magnetic particles to align
into chains running in the direction of the applied field. Later when these
MREs are sheared in a magnetic field, the chains reinforce the material,
which leads to a much higher MR effect than that seen in composites with
homogenously dispersed particles. This can be observed clearly in the
increase in the switching effect of material A2 from 10 % in the isotopic
specimen to 60 % in the anisotropic specimen of the same material.
4. Magnetic saturation of the composite depends on the particle material and
is independent of particle size and the matrix material. This is shown by
comparing the PU sample with the other series which contain CIP. The
various grades of CIP contain particles of different sizes and some of them
are from different suppliers, but all of the CIP-filled samples show
magnetic saturation at a magnetic flux density of approximately 800 mT.
5. It is sensible to assume that the alignment of the particles into chains is
resisted by the matrix viscosity i.e. that the time taken to reach the new
maximum value of modulus (when the particles are magnetically
saturated) is increased as the matrix viscosity is increased. The addition of
fillers such as carbon black, and even magnetic particles, increase the
viscosity of the matrix and hinder particle alignment.
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6. Increasing the incubation time and slowing the vulcanisation time, either
by adding retardant to the recipe or by placing the material in the press
before it reaches vulcanisation temperature, so that the particles may align
into chains before crosslinking occurs, leads to an increased relative MR
effect. This was repeatedly observed, beginning with material D5 and
occurring again in Material F1. Controlling the rate of heating of the press
and maintaining a low temperature (say, approximately 80 °C in the case
of an NR matrix) over a suitable duration (20 minutes for NR filled with
400 phr CIP) can extend the period of time allowed for particles to attain
an optimal alignment. However, this does extend the time required for
vulcanisation, and it will be up to the material designer or engineer to
decide whether the small gain in MR effect justifies the increased
vulcanisation time.
7. Modification of particle surfaces and addition of silane may be beneficial
if it enhances the bond between particle and matrix and aids dispersion.
The coated particles in material F1 achieved a high switching effect of 1
Mpa for a 40 % increase in the zero-field modulus. Care must be taken to
choose an additive that is suitable for both particle and matrix material.
An unsuitable additive may hinder the curing process leading to a
reduction in matrix viscosity which may result in settling of the particles,
as seen in [70] and possibly also in Series E. This is a problem in MR
fluids, and one which the use of an elastomer matrix will avoid.
8. It is possible to incorporate magnetic filler particles into synthetic rubber
as in series G. Although the MR effects of this series were very low, this
was expected and attributed to the particular matrix recipe. As with NR,
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some optimisation of the recipes is necessary and there is no reason to
think that an EPDM-based MRE exhibiting good MR results cannot be
fabricated.
9. Questions remain regarding the propagation of cracks through an MRE
material. However, the tear analyser experiments on Series D have shown
that the use of CIP as a filler does not increase the rate of crack growth
through the material. At only a few microns in diameter, many CIP grades
are too fine to acts as flaws in the material and even the chains of particles
in the specimens investigated here have been less than 10 µm wide. As
with conventional fillers, problems that arise are more likely to be due to
dispersion issues where the particles form large irregularly-shaped
agglomerates.
10. Although researchers have correlated a reduction in tensile strength with
the incorporation of magnetic filler particles into rubber, this is unlikely to
be due so much to the magnetic material itself as to the replacement of a
portion of the carbon black or silica that is usually added to NR
compounds. A balance between the material properties must be struck to
tailor the MRE to the application. This reduction in tensile strength can be
seen in the tensile and equibiaxial comparisons of the materials F1 and
D4. The improvement in properties can be hinted at in the EPDM blends
of G2 and G3 with their higher carbon black content. However, the
alignment of magnetic filler into chains and subsequent operation in the
presence of a magnetic field will change the way stresses are distributed in
a component. During vulcanisation, the presence of regions of metal fillers
might also increase the rate of heat transfer in their local areas. In a large
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component, this could result in different degrees of vulcanisation
throughout the test-piece.
11. The effects over time have yet to be measured. It is already known that
iron ions can lead to aging problems in rubber and it is possible that MREs
will have to be produced with ‘designed’ interfacial layers between
particles and matrices and so have particles coated or otherwise modified
before they are added to the compound. Increased heat transfer due to high
conductive material content may also accelerate ageing.

The optimum recipe for an MRE is a low viscosity matrix but it does not have to be
so low that it is almost fluid or gel, nor does it mean that the cured MRE cannot
have a modulus comparable to conventional filled rubbers. This challenges the view
that MREs must necessarily be limited to very 'soft' materials which cannot be
useful in engineering applications. This low viscosity matrix should contain microsized particles which have a high saturation magnetisation. This work has found
little reason to fabricate MREs containing nanoparticles. This may be due to
domination of surface effects over the magnetic effect of the particle core and fewer
magnetic domains being present in smaller particles. The possibility of a mixture of
nano and micron-sized particles is interesting as there is reason to suspect this
would further enhance the MR effect Wereley [76] Lopez [79], Zhang [73] and this
avenue is currently being explored by DIK. The particle concentration depends on
the density and surface area of the particle type and the matrix they are to be mixed
with. The chosen mixture should be heated slowly in order to allow plenty of time
for good particle alignment to be achieved before vulcanisation occurs and the
particles are fixed in place.
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7.1 Comparison with published literature
Published literature [31] has suggested a possible relative MR effect of 50 % but an
MR effect of more than 80 % can be achieved (see Sample D5B in Table 5-4). The
question of what this percentage increase actually means depends on the recipe:
researchers working with materials of very low initial modulus which are more like
gels might observe a very large percentage increase corresponding to a few
kilopascals. An MRE in this work with an initial modulus of approximately 2 MPa
(Series F, CIP coated with fatty acid) exhibited an increase of about 50 % which
corresponded to a gain of 1 MPa.

7.2 Research question:
The fundamental research question was whether MREs can be fabricated from
elastomers having medium to high shear moduli that exhibit properties that will
allow their use in a range of practical applications?
The questions can be broken down into two parts; firstly, can MREs of
medium to high shear moduli be fabricated? The answer is yes, the MREs
investigated in this work have shear moduli of 1–3 MPa, corresponding to Shore
Hardness of approximately 40-70 Shore A.
Secondly, will these MREs of sufficient modulus exhibit properties that will
allow their use in a range of practical applications? Again this implies more than one
question. What properties are required? A reasonable MR effect to justify the use of
such a material – this has been realised as a reliable switching effect of 80 % was
obtained and with some development can be over 90 %.
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Are these two achievements enough to allow the use of the materials in a range of
practical applications? This is less certain, as the same limitations still apply, the two
most significant of which are the possible accelerated ageing of the composite due to
the incorporation of iron particles and the restriction to small strain applications. The
possibility of accelerated ageing can be alleviated by surface modification but has
not been accomplished in this study and may not be either simple to achieve or to
scale-up to a size that would render it commercially viable. Regarding the small
strain limitation, no solution has yet been identified. If it is because the strain
exceeds the force of the magnetic interactions holding the chains together as
suggested by Odenbach [66], Jolly et al. [10], and Chen et al. [24] then perhaps
particles with higher magnetism would overcome the problem. An alloy of magnetic
materials might suit. Larger particles would increase the magnetic interactions in
chains but there is a limit to how large the particles or aggregates of particles can be
without becoming the source of failure [109]. A mixture of different sizes may be the
answer, but trials with particles of differing sizes of micro-sized particles
investigated in the course of this work did not produce encouraging results. This was
suggested by Series S (samples S4 and S5). A separate trial with a compound
consisting of a soft silicone matrix filled with a mixture of BASF grades ‘SQ’ and
‘CC’ to a volume fraction of 20 % exhibited a relatively low switching effect of
21 %. MREs fabricated from similar volume fractions of either grade ‘SM’ (series
A) or ‘CC’ (series E) alone showed greater MR effects. Recall from Chapter 2 that
Stepanov et al. [26] reported a lower increase in Young’s modulus in specimens with
a range of particle sizes compared to MREs containing particles of similar diameter.
Adding higher quantities of powder would permit chains with smaller gaps between
particles at higher strains but mixing becomes difficult when the powder content is
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high (above 400 phr or 30 % vol. with the NR-CIP recipes) and as we have already
seen, this tends to result in MREs which behave in a more isotropic fashion. The
particles would only be able to form long chains of widths of one or two particles in
an uncured polymer or in foam, which could be compressed. The dimensions of a
uniform magnetic field would still be a limitation in this case. If nanoparticles form
bridges between neighbouring micron-sized particles as proposed by Lopéz-Lopéz et
al. [79] they might increase the magnitude of deformation possible in an MRE
component but if they are restricted to exerting very low interactions upon each
other, or no interaction at all, they may not contribute much to strengthening the
chains against large deformations. The further they are pulled apart, the less likely
they are to influence the MR effect. With these considerations the range of practical
applications is reduced. These thoughts lead naturally to which of the applications
suggested in Chapter 1 are actually possible?

7.3 Possible applications
Where the strains experienced are low, the use of MRE’s magnetostriction in sensing
and actuating devices remains a possibility. This is illustrated effectively in the seal
demonstrated by CeSMa, Fraunhofer Institute [110] and as a valve [111-113].
The use of MREs in automotive applications such as bushings may be more
limited. This will depend on the strains the components would be subject to and
whether the technology can be economical enough to be worthwhile. Since
beginning this work, ideas involving the use of MREs in even more ways have been
patented (for example, in regulating pressure in tyres [114]).
Replacing MRFs is much less likely. Much of the benefit of MRFs is not so
much because of the magnitude of their MR effects but from the change in form
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from a liquid to a solid, and the fact that as liquid they can be drained and moved and
used to do work, for example by a piston. MREs cannot be used to do work for
which a liquid is necessary. A foam or hybrid device consisting of a collapsible solid
that can be filled with magnetorheological fluid or gel might be a viable alternative
in some cases. The same situation arises in the case of human prosthetics which
sometimes incorporate MRFs [115] but with the added complication of a limit on the
size and strength of magnets available to induce a change in properties. The device
should not be so heavy or strong that the wearer cannot walk comfortably without
finding that his or her leg is attracted to iron railings as he or she walks past!
One suggestion was seismic protection for buildings [116] but given the large
strains that such devices are subject to (displacements of 80 cm in the case illustrated
by Nishi [117]), it is difficult to envisage MREs meeting this challenge. Devices to
protect structures or sensitive equipment from small vibrations or noise seem more
probable.
The list of possible uses has changed - some now seem to be unfeasible but
thanks to a better understanding of the materials, new applications have become
apparent. The crucial factor that remains is the cost of development and whether
MRE components can be produced cheaply enough to gain widespread use.

7.4 Novelty of the work
The theory of Jolly et al. [10] (Eqn. 3-33) indicates that the particles should be
aligned in individual uniform chains without gaps between neighbouring particles in
a chain and without branching between chains. Boczkowska [12] corroborated this
theory with practical experiments and identified the significance of what she termed
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the “anisotropy coefficient”. In reality inhomogenities in the magnetic field and
magnetic interactions between chains led to clusters of particles arranged in chains.
Prior to this work, no study focussed on trying to understand this issue or to
mitigate the problem. Research had looked at increasing the switching effect by
reducing matrix viscosity, but had not targeted the improvement of the particle
alignment or considered alternative methods to achieve this. This study is the first to
seek a method to improve the anisotropy coefficient by means other than reducing
matrix viscosity. The solutions offered in Series D look to rubber compounding and
processing technology: the possibility of regulating the vulcanisation temperature
throughout the vulcanisation process to improve particle alignment was found to be
beneficial albeit time-consuming. The use of retardant was more successful and
saved time, and thus was more economical.
The move to NR-based materials was a step towards industrial applications
as NR is a matrix material that is used in automotive applications. Although several
researchers had reported low tensile properties in MREs, none had stated the reasons
for that finding or sought to increase the properties. In much of the published
literature CIP has replaced carbon black. The uniaxial testing conducted in this work
has shown that reinforcing fillers should not be excluded from MRE recipes.
Material A2 proved that MREs with the tensile strength and rheometric properties
sufficient for automotive applications are possible.
This work includes the first equi-biaxial testing conducted on MREs by the
use of bubble inflation. Given the relatively heavy weight of iron-filled compounds,
this method of testing might be more suitable for experiments on MREs than the
traditional method of investigating the effects of equi-biaxial tension of rubber sheets
of material on stretch frames.
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The results were promising as the MRE materials lasted for a reasonable duration in
comparison with the reference compound. It was clear from the equi-biaxial
experiments that the presence of magnetic particles did not damage the rubber matrix
in the short term.
This work also includes the first crack propagation tests with a 2D tear
analyser system. Although Zhang et al. [43] observed crack opening and growth in
MRE dumbbell specimens which represented a realistic operating condition for an
MRE component, whereby it is unknown where cracks will open and which cracks
will propagate, those cracks were due to material fatigue. The cracks in the squares
of MRE materials as they were tensioned uniaxially must have opened from a flaw
or a region where stress was concentrated as the specimen was slowly stretched.
Neither of these scenarios were really comparable to the growth of an SEN in a
dogbone specimen that was subjected to cyclic tension until failure. The tear analysis
experiments conducted here introduced a crack (SEN) and measured its growth as
the specimen was stretched and relaxed. This method is convenient as chooses a
location for the specimen to fail and reduces scatter in experiments. As with the
equi-biaxial testing, these experiments showed that the micro-sized magnetic
particles were not necessarily damaging to the matrix.
On another note, the tests also showed up the considerations that must be
accounted for when analysing crack growth with a 2D camera system. Care must be
taken to filter out irrelevant data when calculating crack growth rate: the crack
propagation should have reached a steady state and stable growth (the linear range).
The data from the critical stage when the curve of crack growth rises steeply as the
specimen approaches failure should be excluded. In long tests where the specimen
has lasted millions of cycles, steps where the material has stress softened or new
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cracks have opened may be observed in the curve. Cracks sometimes open and
propagate in the third dimension but this cannot be followed by the 2D system.
These issues are present with all elastomers and are not specific to MREs.
The first step in creating a chemical bond between the CIP particles surfaces
and matrix was taken. However, this highlighted a number of issues with the
commercial grades of CIP available: the first was the need for a suitable surface
coating on the particles in order for the silane to be able to bond to them. Such CIP
grades were identified. The second was the quantity of sites available for bonding – a
sufficient amount of organic material (in this case, SiO2) must be present of the
particle surface. Unfortunately FT-IR spectroscopy showed that this requirement was
not met with the CIP grades investigated. Finally, this coating must be in the form of
a core shell that completely covers the iron particle surface. The TGA experiments
suggest that this was not the case with the CIP investigated in this work as the
increase in weight during the experiments may indicate the occurrence of corrosion.
While NR exhibits very good tensile and fatigue properties in comparison to
other elastomers, largely due to its ability to crystallise upon the application of a
strain, it is susceptible to damage as it ages, a process accelerated by heat and
exposure to air. For this reason, synthetic rubbers are often used as a substitute in
applications where components will be exposed to elevated temperatures,
atmosphere or both. A material commonly used in the automotive industry is EPDM.
Unfortunately EPDM does not exhibit the tensile and fatigue properties that NR
does. It does not strain crystallise and requires reinforcement. A material possessing
both the resistance to aging of EPDM and the tensile and fatigue properties of NR
would be very desirable. As the use of CIP as a filler in NR would further accelerate
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the aging process, Series G began the search for an MRE that combines these
properties.
The three materials fabricated for Series G exhibited significantly higher
tensile and fatigue properties than those reported for MREs by any other study to
date. While the method to increase the tensile and fatigue strength hindered the
switching effect, the route to correct this is clear – a small amount of tweaking of the
recipes will bring the switching effect back up to acceptable levels while retaining
the increase in tensile and fatigue strength. This is perhaps the most important
development in this work as it overcomes the main barriers (low switching effect,
accelerated aging and insufficient tensile and fatigue properties) to using MRE
materials in industry.
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APPENDICES
A Preparation of materials
A1 Particle manufacture
Fe(III)6HcO and MnCl2 were dissolved in a conical flask of distilled water as in
Figure8-1. Distilled water was added to NaOH in a 3-spout round-bottomed flask,
and heated over an oil bath.
A Liebig condenser was added, and the Fe(III)6HcO-MnCl2 solution (orange
colour) was added slowly through a dropper (see Figure A-1). When all of the
ingredients were mixed together, the particle solution was left to heat at the required
temperature (80°C for best relative magnetic intensity) for 2 h, and the solution
turned a dark brown colour. The particle solution was transferred to a conical flask
with a magnet at the bottom to aid separation of the particles from the water as in
Figure A-2.
A pipette was used to remove water, making room for fresh distilled water.
The solution was diluted in this way three times, before all of the liquid was
removed and the particles were dried.

Figure A-1 Addition of solution to NaOH

Figure A-2 Separation of magnetic particles
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Figure A-3 Dried magnetic particles [1][118]

A2 Silanisation of CIP
200 g of CIP were placed in a 3-spout round-bottomed flask. 300 ml of Si69 silane
was added. The mixture was heated in a water bath at 60°C and stirred continuously
with a non-magnetic stirrer at 300 rpm for a period of 20 h as in Figure A-4.
The heat was switched off, but the stirring was continued as 250 ml of
ethanol was added to the mixture through a side spout to stop the reaction. 250 ml of
distilled water was also added. This was allowed to mix for another few minutes
before the stirring was stopped.
The flask was removed from the clamp and placed in a holder sitting on top of a
magnet. The magnet draws the particles to the bottom of the flask. The mixture is in
two phases: an organic polar water phase and a non-organic polar silane phase.
Holding the magnet against the base of the flask to keep the particles in the
bottom, the liquid was decanted into a beaker of waste material. The particles were
washed several times with cyclohexane, which was added through a side spout and
swished around the particles before being decanted in to the beaker. It was noted that
the now non-polar particles dispersed well in the non-polar cyclohexane. The
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particles were then washed twice with distilled water. The particles did not disperse
in the polar water. Finally the flask of particles was dried in a vacuum at 45°C.

Figure A-4 Silanisation of CIP

A3 Preparation of MRFs
The ingredient quantities were calculated. A mixing jar was placed on a weighing
scale and zeroed. The required amount of magnetic particles was added to the jar.
The scale was zeroed again before the required amount of silicone oil was added,
and the mixture stirred to disperse the particles in the carrier fluid.

B Fabrication of MREs
B1 Silicon rubber
The ingredient quantities were calculated. A teflon mould was prepared for the
samples. A mixing jar was placed on a weighing scale and zeroed. The required
amount of magnetic particles was added to the jar.
The scale was zeroed again before the required amount of silicone RT604
part A was poured carefully into the jar. The required amount of part B was added,
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and the mixture stirred. The jar was set in a water bath to reduce the viscosity of the
mixture to aid pouring.
The mixture was poured into the prepared mould, then vacuumed to remove
air. The mould was covered, and in the case of non-magnetic samples, a weight was
placed on top and the samples left to set overnight.
In the case of the magnetic samples, the left-over mixture remaining in the jar
was stirred continuously until it reached the consistency of chewing gum, indicating
that the sample in the mould would be set enough to be placed in a magnetic field.
The mould placed between a strong magnet below and a steel plate above it to close
the magnetic circuit. In this way, the samples were cured in a magnetic field.

B2 Natural rubber mixing:
A Rotary Banbury 3000 mixer (see Figure B-1 below) was switched on and allowed
to heat to 40 ºC and the rotary screws tightened.
Natural rubber was cut into small pieces and inserted into the internal mixer. The
rubber was mixed until a constant torque was obtained.
The magnetic particles were added and mixed until a constant torque was
obtained. The other filler materials (carbon black, softeners if used, and anti-aging,
additives) were added, each time mixing until the torque became constant before
adding the next ingredient. In some cases the accelerators and vulcanising system
were added on a double-roll mill.
The material was mixed on a double-roll mill for five minutes to obtain a
sheet (see Figure B-2 below). A vulcameter curve was obtained for each material in
order to determine the cure time, and time to reach T90. Compounds were stored in a
refrigerator until use.
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Figure B-1 The internal mixer used to mix all NR and EPDM compounds investigated in this
research

Figure B-2 A sheet of a melt (unvulcanised) NR compound
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B3 Mooney viscometer (MV 2000E)
A Mooney viscometer measures the viscosity of elastomers by calculating the torque
required to rotate a flat disk surrounded by unvulcanised test material in a heated die
as shown in the diagram (a) and the photograph (b) in Figure B-3. A shear strain is
exerted on the disk as it rotates and the resistance of the test material to this rotation
corresponds to its shearing viscosity. A calibrated spring connected to the rotor shaft
is used to indicate the viscosity of the elastomer in Mooney units (a torque of 84 dN
= 100 MU).
The material was removed from the refridgerator an hour before use. The air,
computer and viscometer were switched on, and the machine left for half an hour to
warm up. The temperature and torque readings were both zero. The temperature was
set to 100 ºC and the viscomemter allowed to heat to the set temperature. The usual
test is ML 1+4 (Mooney viscomemter, Large rotor, 1 minute stationary, as the
material is heated, plus 4 minutes rotating). Safety gloves were used when working
with the hot machine.
Plastic sheets were placed above and below the rotor to keep the machine
clean. Approximately 60 g of material was placed between the sheets around the
large rotor (30 g above, 30 g below). The chamber was closed and the test run. The
hatch was opened and the rotor removed. The material was removed carefully and
discarded, and the rotor cleaned. The viscosity value in Mooney units was noted.

(a)

(b)

Figure B-3 Diagram (a) and photograph (b) of a rotor in a Mooney viscometer
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B4 Vulcameter (Monsanto Rheometer MDR 2000E)
A rotor-less moving die rheometer (or curemeter) was used to establish the
vulcanisation time of the compounds. A sufficient quantity of the unvulcanised
material is placed in the pre-heated chamber. As the lower die oscillates, a torque
transducer measures resistance as the torque is transmitted to the upper die. The
increase in torque required to displace the material as the melt vulcanises is
measured.
The air, vulcameter and computer were switched on. The temperature and
torque readings were both zero. The temperature was set to 160ºC. The Harmon
standard 160ºC test, of 30 minutes duration was used.
Approximately 12 g of material was weighed out and placed between plastic
sheets to keep the machine clean, and the whole lot placed between the cones of the
vulcameter. The chamber was closed and the test was run. A curve showing the
torque plotted against time was generated. The time to vulcanisation was determined
from this curve. In the case of series D, a similar instrument, the Rubber Process
Analyser (RPA) was used simply because the MDR was occupied.

Figure B-4 Sample in the open vulcameter chamber
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B5 Vulcanisation of MRES
Pieces were cut from the sheet of material and put into a suitable mould (Figure B-6)
which could be placed in a C-shaped clamp. A coil induced a current to flow through
the clamp, so that the material was in a magnetic field while it was cured in a press
under pressure (see Figure B-7).

Figure B-6 Filled mould

(a)

(b)

(c)

Figure B-7 Vulcanisation of MREs: diagram of the process (a), and photographs of the
apparatus (b) and (c)

At T90 as indicated by the vulcameter curve, the heat was switched off, and the
sample allowed to continue curing for a period of two minutes plus one minute per
millimeter thickness of the sample, (e.g. for a sample 2 mm thick, the sample was
left in the press for a further 4 minutes). The samples were removed from the press
and mould carefully, labelled as in Figure B-8, and the press allowed to cool to the
temperature required for the next vulcanisation.
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Figure B-8 Examples of vulcanised MREs

B5.1 Suggested improvements to magnetic vulcanisation system
Such a system presents a number of additional design challenges: maintaining
uniformity over a larger sample thickness might be difficult as the magnetic flux
density falls off quickly as distance from the centre is increased. The mould must be
placed between the platens of a vulcanisation press, so it must be light enough to be
lifted safely, preferably by one person. A large amount of magnetic material would
be needed in order to maintain the required magnetic field and of course steel is quite
heavy. Often steel is replaced with titanium to reduce the weight of a mould, but
titanium is considered to be non-magnetic8. Another common method of reducing
weight is to remove material by drilling or boring holes and using hollow structural
components. However removing magnetic material is likely to reduce the magnetic
field strength or disrupt the field lines. Temperature must also be considered as the
mould will be heated to 160°C.

8

Titanium is paramagnetic and has a small magnetic susceptibility
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B5.2 Helmholtz coil
Resolving the problem of creating samples with a uniformly aligned particle
distribution begins with the acquisition of a homogenous magnetic field. A
Helmholtz coil consists of a pair of identical coils, each of which carries the same
current flowing in the same direction, which produces a homogenous magnetic field
in the space between them. To ensure that the field is uniform, the distance between
the coil centres should equal their radii. The magnetic flux density at the centre of
the field can be calculated by:

Eqn. B-1 [2]

Where B = magnetic flux density (T), µ0 = relative permeability of the free space
(4π*10-7 Tm/A), n = number of turns, I = current (A) and R = radius of coils (m)

This formula was derived from the Biot-Savart law [3], which describes the
magnetic field generated by an electric current. Transposition of the formula gives:

Eqn. B-2

The material mould used to vulcanise samples must be large enough to
accommodate the specimens required, yet small enough to be placed between the
plates of the press. If R is set at 95 mm, with a current of 10 A, in order to obtain a
field of one Tesla, the number of turns required is determined from Eqn. 3-23.
Eqn. B-3

Hence 10,500 turns are required. This value assumes that the radius of a coil equals
the distance between the two coils and that the space between the coils is filled with
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air. The coils for the electromagnet will be wound on a steel core and will be
separated by a steel mould. The value for permeability used is that of permeability in
a vacuum, which is independent of magnetic field strength and temperature. The
permeability of ferromagnetic materials is altered with variations in field strength
and temperature.
The values were checked using the Finite Element Method Magnetics
(FEMM) code [4] and a more realistic estimate of 750 turns was obtained. The
design includes heavy magnetic steel in addition to the coils and the weight was
estimated at 60 kg. Half of this figure would be desirable. A separable apparatus
might be a solution.

B.5.3 FEMM modelling of the vulcanisation system
A magnetic model was created with FEMM to investigate alternative configurations.
The system would be supplied with a simulated current of 10 A. According to the
FEMM model an estimated 1 600 turns would be required to maintain a magnetic
flux density of 1 T in the region of the MRE material in the mould. A more detailed
description of the process can be found in Appendix E. Changing the mould material
to steel with a higher magnetic permeability reduced the number of turns to 1 000
and bringing the coils closer together reduced them further to 750 turns.

B.5.4 FEMM modelling of the Anton Paar test system
The next step was to investigate the test procedure and to model the magnetic field
inside the chamber of the Anton Paar rheometer. Figure B-9 illustrates the
functioning of the rheometer. A FEMM model was generated in order to investigate
the homogeneity of the magnetic field between the plates at various gap widths (see
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Figure B-10). The FEMM model predicted a magnetic flux density of 0.8 T in the
chamber.

Figure B-9 Illustration of the Anton Paar rheometer measuring system [6]

Figure B-10 FEMM model of the rheometer chamber
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C Test Methods
C1 Hardness testing
Hardness was determined using a digital IRHD/Shore hardness tester (Zwick 3105
Combi Test) by the IRHD-M (micro) method on the same 2 mm thick disc
specimens that were subjected to rheometric testing in the Anton Paar rheometer.
Hardness testing was conducted at room temperature in accordance with ISO
48:1986 [5] An indentor was pressed into the test material and the depth of the
penetration (inverse of the hardness of the material) was measured. The final value
for each specimen was the average of three tests which had been performed at
different points on the surface of the specimen.

C2 Rheometric testing
Rheometric testing were carried out as described in section 4.6.1 Rheometry, with an
Anton Paar Physica MCR 501 rheometer. A photograph of the plate-plate rheomter
is given in Figure C-1 (a) along with a close-up illustration of the test region (b).

(a)

(b)

Figure C-1 Photograph (a) and illustration (b) of the Anton Paar rheometer [6]
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In the case of MRFs, the lower plate was covered with a thick layer of the fluid. The
upper plate was lowered until the fluid filled the gap between the plates evenly.
There must be contact between the fluid specimen and all points on the surface of the
upper plate, but the fluid should not be compressed so much that it is pushed out
from between the plates. The Anton Paar instruction manual recommends placing
enough sample fluid on the lower plate so that the material is just outside the rim of
the measuring system when the upper plate is just above the measuring position as
shown in the cone and plate system in Figure C-2. The excess material should be
removed before moving the lower plate to the measuring position. Either too much
or too little material between the plates can lead to large errors in the measurement
data. The same principle applies for a parallel plate system.

Figure C-2 The correct amount of fluid between the plates of the rheometer [6]

This meant that there was no defined quantity of fluid to be tested. The quantity
required to achieve this set-up depended on the volume fraction of particles in the
fluid and thus upon the particle size (nanoparticles have a high surface area and the
amount of material that can be mixed with the fluid is significantly lower than that of
micron-sized particles).
In the cases of MRE specimens, the sample thickness was first checked with
a dial gauge and the specimens placed in the chamber. The gap distance between the
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plates was adjusted to the thickness of each specimen. The chamber was closed and
the appropriate programme started. All experiments were carried out at room
temperature.

Figure C-3 Photograph of the Anton Paar rheometer with the upper plate lowered to the
measuring position and the chamber open

In most cases this was the programme which began with the magnetic field switched
off, then switched on and increased in steps of 200 mT at 20 s intervals until the
maximum of 1 T was reached. The temperature increase during testing was
monitored but in the case of vulcanisates it was not sufficient (about 1 °C) to affect
the results.
Three tests were conducted for each specimen and the results of the third test
used. Some compounds exhibited Payne effect and hard magnetic materials showed
remanence. In order to make a reasonable comparison of materials to identify rapidly
switchable MREs, the last peak and the zero-field modulus at the end of the test
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when the magnetic field was switched off were used to calculate the relative
modulus (MR effect).
The resulting information output was copied into an MS Excel spreadsheet
and imported into Origin to produce the rheometric curves seen in chapter 5.
As mentioned in Section in 6.2.1, there was reason to suspect the rheometric
results given by the Anton Paar rheometer in the case of particularly stiff materials
(A3 and A4). The results of the unaligned Series A samples were cross-checked with
a dynamic mechanical analyser (DMA), an Advanced Rheometric Expansion System
(ARES) 3A5 rheometer. A rectilinear specimen (2 mm*40 mm*20 mm) was
subjected to torsional deformation in a strain sweep of 0.05–2.5 % as shown in
Figure C-4.

Figure C-4 Experimental setup of the ARES DMA [7]

C3 Uniaxial Testing
Tensile testing was carried out in accordance with German standard DIN
53504:2009 [8] which covers determination of tensile strength at break, tensile stress
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at yield, elongation at break and stress values in a tensile test using a Zwick 1445
Universal Testing System with a with a 5 kN capability.
The test machine was calibrated. An S2 specimen (2 mm thick, 75 mm long
with a guage length of 20 mm), which had two reflective dots fixed on the surface as
in Figure C-5, was fixed in the clamps and the gauge length noted, then stretched to
failure. The distance between the reflective dots was measured optically by the
extensometer on the Zwick test machine so that the integral strain (percentage strain
applied to the gauge length) was calculated. The stress in MPa and the strain in mm
were recorded and used to produce a stress-strain curve. This process was carried out
for three to five specimens and average results calculated.
In the case of multi-hysteresis cyclic deformation the test pieces were
tensioned not to failure but to lower strain values in a predetermined programme:
each specimen was cycled to a low strain (30 %) for three cycles, then the strain
increased to a higher level (70 %) for three cycles, and finally to the highest set
strain (120 %) for three cycles. These results are plotted in the form of hysteresis
loops which show both loading and unloading curves for the material. Stress
softening can be seen in these curves.

(a)

(b)

Figure C-5 S2”dog bone” specimen used for uniaxial testing (a) [7], with reflective points (b)
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C4 Biaxial Testing
The equi-biaxial testing consisted of the bubble inflation method described in
chapter 4 Section 4.6.3. It was planned that a specimen of each material was to be
inflated in a single shot to failure test to determine a limiting stress for the material
and subsequent cyclic testing was conducted at a lower percentage of this 100 %
limit. In the case of the MRE specimens of material F1, the bubble contour exceeded
the range of the cameras so the burst tests were not used. Lower strain ranges were
selected for the fatigue testing.
The specimens were inflated for several cycles until rupture. Figure C-6
shows the engineering stress plotted against stretch ratio to produce a series of
hysteresis loops for the reference material D2.

Figure C-6 Hysteresis loops for specimen D2 produced by the bubble inflation system
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C5 Tear Fatigue Analysis
The crack propagation results described in chapter 5 Section 5.5.5 were obtained by
subjecting strips of material to cyclic tensile deformation in a Bayer Coesfeld tear
analyser as shown in Figure C-7. The schematic given in Figure C-8 illustrates the
functioning of the system.

Figure C-7 The tear analyser system: a camera records changes in crack length as specimens
are strained

Rectilinear specimens (65 mm* 15 mm*2 mm) such as that shown in Figure C-9
were notched using a razor prior to tension. Each end of the specimens had a rib to
aid clamping during loading. The specimens were secured in a holder to introduce a
perpendicular cut (crack) 1 mm long in the middle of the specimen. As the strips
were strained, the growth of the cracks in each test-piece was observed at intervals
with a camera and the information such as the crack contour length, depth of the
crack, and number of cycles was recorded (see sample screen grab in Figure C-10).
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Figure C-8 Schematic of tear analyser system [9]

Figure C-9 SEN specimen [7]

Figure C-10 A Screen grab of tear analyser software

Figures C-11 and C-12 show sample curves from the tear analyser for two
specimens, the reference material 4D and the MRE 2D respectively. Both materials
show some scattered points away from the curves. As material 4D exhibited such a
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short lifetime failing after some 200 000 cycles, it easy to distinguish the blue linear
region of crack growth before the slope rises quickly and catastrophic failure occurs.

Figure C-11 Sample curve (material 4D) of crack growth in mm against cycles to failure

Material 2D lasted some 8 mil cycles resulting in a very long curve. Only the
beginning of this plot where the crack grows to approximately 2 mm is useful: the
blue linear region of interest is shown in Figure C-13 and with this ‘zoomed’ area it
becomes clear that slope begins to rise following some 2 million cycles. After this
stage comes the first of a series of sharp ‘jumps’ in the curve. These jumps can
indicate the branching of a crack or the opening of a second crack. In the case of this
particular curve, no second crack was present but the original crack had grown so
much that distance between the clamps gripping the sample in the tear analyser was
suddenly increased. If the sample had slipped between the grips a similar sudden
aberration in the curve would be visible. Failure of the material should be considered
to occur at the first large jump even if the specimen is not completely torn through.
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Figure C-12 Sample curve (material 2D) of crack growth in mm against cycles to failure (steps
indicate opening of new cracks)

Figure C-13 The linear portion of the curve for material 2D shown in Figure 8-3

C6 Fatigue testing with MTS
Fatigue testing was conducted by subjecting dumbbell specimens to cyclic
deformation until rupture in an MTS 831.50 high frequency elastomer test system
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and TestStarTM control software [10]. See Figure C-14 for dimensions, form and the test

set-up.

(a)

(b)

(c)

Figure C-14 A dumbbell specimen (a) and (b) and a specimen in situ in the fixtures during
testing (c)

The samples were strained longitudinally by 80 %, 120 % and 160 % and the data
from was used to plot hysteresis loops. Selected loops for each of the three series G
materials are given in Figures 8-23 to 8-25.

Figure C-15 Selected hysteresis loops of material G1
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Figure C-16 Selected hysteresis loops of material G2

Figure C-17 Selected hysteresis loops of material G3
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D TGA, IR and EDX Results

10 µm
Figure D-1 Source for ED-X sample 1 (ER) Test 1

Figure D-2 ED-X spectrum sample 1 (ER) Test 1
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10 µm
Figure D-3 Source for ED-X sample 1 (ER) Test 2

Figure D-4 ED-X spectrum sample 1 (ER) Test 2
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10 µm
Figure D-5 Source for ED-X sample 2

Figure D-6 First TGA sample 2 (Eckart 10 µm)

209"

C04837487

Figure D-7 Second TGA sample 2 (Eckart 10 µm)

Figure D-8 IR spectroscopy of sample 2 (Eckart 10 µm)
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Figure D-9 IR spectroscopy of silica (shown for reference purposes)

Figure D-10 Third TGA sample 2 (Eckart 10 µm) silanised at 70 °C in cyclohexane
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Figure D-11 TGA of SW-S powder

Figure D-12 TGA of SW-S powder which had been immersed in propanol
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Figure D-13 TGA of both treated and untreate SW-S powder on the same scale
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Data sheets
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Permalloy Information from
http://www.goodfellow.com/E/Magnetic-Shielding-Alloy.html
Magnetic Shielding Alloy ( Ni77/Fe14/Cu 5/Mo 4 )
Material Information
Choose a form to search our on-line catalog
Common Brand Names:
Permalloy C®
General Description:
High Nickel magnetically soft alloy used for magnetic shielding, high quality but
low noise audio frequency transformers, ground fault interrupter cores, antishoplifting devices, tape recorder head laminations and magnetometer bobbin cores.
Electrical Properties
Electrical resistivity ( µOhmcm )

55-62

Magnetic Properties
Coercivity (Hc) ( A m-1 )
Curie temperature ( C )
Initial permeability
Maximum permeability

1.0
380
60000
240000

Remanence from saturation (Brem) ( T )
Saturation Induction ( T )

0.37
0.77

Mechanical Properties
Hardness - Brinell

105-290

Izod impact strength ( J m-1 )

42-100

Modulus of elasticity ( GPa )

190-221

Tensile strength ( MPa )

530-900

Physical Properties
Density ( g cm-3 )

8.8

Thermal Properties
Coefficient of thermal expansion @20-100C ( x10-6 K-1 )
Thermal conductivity @23C ( W m-1 K-1 )
Standard products are available in these forms
Foil Powder
Rod Tube
NI036010
Magnetic Shielding Alloy Powder,
Max. Particle size:
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13.0
30-35

45micron
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6 Nano and Material Symposium Niedersachsen (NMN) 20 - 21 November 2013,
Hannover, Germany. (Presentation)
Nanoparticles as a magnetic filler for magnetorheological elastomers (MREs)
co authors: Thomas Alshuth
Crack propagation in Magneto-rheological Elastomers (MREs)
To be published in Kautschuk Gummi Kunstoff (11/2013).
co authors: Thomas Alshuth
8th European conference on Constitutive models for Rubber (ECCMR), 25 - 28 June
2013, San Sebastien, Spain. (Presentation)
Realistic fatigue life prediction for magnetorheological elastomers.
co authors: Yanfen Zhou, Stephen Jerrams.
published in "Constitutive models for Rubber VIII". Gil-Negrete, N. and Alonso, A.
eds. (2013) London: CRC Press/Balkema. pp. 677-682. ISBN: 978-1-138-00072-8
5th International Conference Polymeric Matrials in Automotive & 21st Slovak
Rubber Conference, 23-25 April 2013, Bratislava, Slovakia.
A comparison of material properties for magnetorheological and conventional
elastomers.
co authors: Stephen Jerrams.
published in "Chemicke-listy" 107 (2013) eds. Chuchvalec, P., Barek, J., Belohlav,
Z, Drasar, P., Hetflejs, J., Holy, P., Horak, J., Kratochvil, B., Podesva, J. and Rauch,
P. Czech Chemical Society. pp. 64-66. ISSN: 0009 - 2770
Tire Technology Expo, 4 – 7 February 2013, Cologne, Germany.
Development of magnetorheological elastomers for automotive applications.
(Presentation)
Published as “Magnetorheological Elastomers: Development of MREs for
automotive applications” in "Tire Technology International Annual Review 2013"
ed. Heeps, G. UKiP Media Events. pp.42-45. ISSN 1462-4729.
co authors: Thomas Alshuth, Stephen Jerrams.
7th European conference on Constitutive models for Rubber (ECCMR),
20 - 23 September 2011, Dublin, Ireland. (Presentation + Poster)
Optimisation and characterisation of magnetorheological elastomers.
co authors: Timo Steinke, Aleksandra Maslak, Piotr Wagner, Markus Möwes,
Thomas Alshuth, Robert Schuster, Stephen Jerrams.
published in "Constitutive models for Rubber VII". Jerrams, S. and Murphy, N. eds.
(2011) London: CRC Press/Balkema. pp. 313-317. ISBN: 978-0-415-68389-0
Dublin Institute of Technology Research Symposium, February 2010, Dublin,
Ireland. (Poster)
Magnetorheological elastomers (MREs) used in engine mounts: a concept to
demonstrate performance.
co authors: Stephen Jerrams, Shaun McFadden.
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Materials Ireland Conference 2010,
13 - 14 December, Dublin Institute of Technology, Ireland. (Poster)
Concept for investigating the potential of using magnetorheological elastomers
(MREs) in vehicle engine mounts.
co authors: Stephen Jerrams, Shaun McFadden.
Tire Technology Expo, 9 – 11 February 2010, Cologne, Germany.
A Review of Research into Magnetorheological Elastomers (MREs). (Presentation)
co authors: Stephen Jerrams, Shaun McFadden.
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